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1.1. 	Introduction 
Protein folding is a spontaneous process under suitable physiological conditions 
and is determined mainly by its amino acid sequence. Understanding this complex 
process will therefore provide a unique insight into the way in which evolutionary 
selection has influenced the properties of a molecular system for functional 
advantage. The tendency of a polypeptide chain with proper primary structure to fold 
into its native form, without external help, completes the vital link in the series 
leading to the expression of genetic information. Once the native form is achieved, the 
intrinsically flexible, irregular polymer chain folds into a more compact form with the 
specific structure required for its biological activity. Folding of protein into their 
condensed three dimensional form is the most basic and universal example of self-
assembly. Although it has long been known that the amino acid sequence in one way 
or the other dictates the biological active conformation of protein, but the tools 
required to detect the intermediate states along the folding pathway are accessible in 
the past two decades. These tools are revealing a tightly regulated pathway where 
multiple factors guide nascent polypeptide to select the correct shape from a large 
number of possibilities. Revealing the process through which protein folding takes 
place is one of the grand challenge of modem science. There are strict quality-control 
checks that come into play if the folding process fails, ensuring that the misfolded 
products are targeted for destruction before they cause any harm. Those that escape 
this cellular scrutiny are prone to forming aggregates that can damage or kill cells 
through various mechanisms. 
1.2. 	Overview of the chapter 
Here, an overview of the current knowledge about the structure and dynamics of 
proteins, specifically their folding and aggregation is presented. A detailed literature 
review of the research efforts made in the field of protein folding, misfolding and 
aggregation is presented in Sections 1.3 and 1.4 respectively. Mechanism of aggregate 
formation, amyloid states results from protein abnormalities, toxic species in 
aggregation. diseases arising due to protein aggregation, advances in protein folding 
and aggregation and mechanism of aggregate toxicity has been discussed in section 
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1.5-1.10. Section 1.11 and 1.12 discusses the proteins used in this work whereas 
objectives of the work are described in Section 1.13. 
1.3. 	History of protein folding 
Protein folding is a spontaneous process under suitable physiological conditions 
and is determined mainly by its amino acid sequence. Understanding this complex 
process will therefore provide a unique insight into the way in which evolutionary 
selection has influenced the properties of a molecular system for functional 
advantage. The tendency of a polypeptide chain with proper primary structure to fold 
into its native form, without external help, completes the vital link in the series 
leading to the expression of genetic information. Once the native form is achieved, the 
intrinsically flexible, irregular polymer chain folds into a more compact form with the 
specific structure required for its biological activity. Folding of protein into their 
condensed three dimensional form is the most basic and universal example of self-
assembly. Although it has long been known that the amino acid sequence in one way 
or the other dictates the biological active conformation of protein, but the tools 
required to detect the intermediate states along the folding pathway are made 
accessible in the past two decades (Vendruscolo et al. 2003). These tools are 
revealing a tightly regulated pathway where multiple factors guide nascent 
polypeptide to select the correct shape from a large number of possibilities. Revealing 
the process through which protein folding takes place is one of the grand challenges 
of modern science (Vendruscolo et al. 2003). There are strict quality-control checks 
that comes into play if the folding process fails, ensuring that the misfolded products 
are targeted for destruction before they cause any harm. Those that escape this cellular 
scrutiny are prone to forming aggregates that can damage or kill cells through various 
mechanisms. 
The protein folding problem was clearly recognized more than a half century 
ago in the works carried out by Anson and Mirsky (1925), who observed that 
denaturation is a reversible process. Mirsky and Pauling (1936) further hypothesized 
that native protein has a characteristic structure that is abolished upon denaturation. 
These observations end up ultimately in the experimental work carried out by 
2 
Chapur I 
Anfinsen and co-workers, who showed that reduced and denatured ribonuclease will 
renature spontaneously in vitro (Fig. 1), with full restoration of enzymatic activity and 
return of its four native disulfide bridges (Anfinsen et at 1961). He showed that a 
globular protein is capable of spontaneous folding in vitro which totally depends on 
its amino acid sequence in the given environment (Anfinsen et at 1961). This 
experiment showed that if a protein chain is not modified to a larger extent after initial 
in vivo folding, then, it renature spontaneously and restores its activity and specificity 
after solvent normalization. This renaturation process requires a careful selection of 
experimental conditions; otherwise, aggregation can prevent the protein chains from 
folding. This observation has led to the present day view that protein tertiary structure 
is dictated by amino acid sequence, although molecular chaperones may influence the 
folding kinetics in some cases (Zhang & Qian 2011). Moreover, it was established 
that the protein chain synthesized chemically, without any cell or ribosome, and 
placed in the proper ambient conditions, folds into a biologically active protein (Gutte 
& Merrifield 1969). Protein folding in vitro is the simplest case of pure self-
organization. Here no biological molecule is involved for normal folding of 
polypeptide chain. Further, in 1968, Cyrus Levinthal concluded that random searches 
are not an effective way to find the correct folded state of a protein (Levinthal 1968). 
This contradiction later got famous as "Levinthal's paradox". Since then, 
computational and theoretical advances have aimed to shed some light on the protein 
folding problem and have complemented experiments by elucidating some of the 
folding mechanisms at atomic detail. For answering "Levinthal's paradox", he himself 
proposed that protein itself cannot fold on the basis of random search and there must 
be some explicit pathway for proper folding of protein. ibis ultimately results in the 
establishment of a number of models describing the process of protein folding. Small 
protein molecules having buried hydrophobic amino acid residues fold through one 
stage process in less than a second without the formation of intermediates (Jackson 
1998; Dobson & Karplus 1999; Myers & Oas 2002). On the contrary, multi-domain 
protein refolds with the formation of one or more intermediates (Khan et al. 2012), 
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Fig. 1: Anfinsen's experiment on the folding behaviour of ribonuclease in vitro. 
This experiment revealed that protein folds spontaneously and reversibly into their 
native conformation. 
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1.3.1 Computing protein structure front primary sequence 
To minimize the time required for experimental determination and acceleration 
of protein structure and drug discovery there is a need to devise a computer algorithm 
to predict a protein's native structure from its amino acid sequence (Dill & 
NIacCallum 2012). 
The need for computer based protein structure prediction arises from the fact 
that we know more than 1000-fold sequences than structure, and this gap is growing 
because of developments in high-throughput sequencing. And also, the knowledge of 
native structures is a preliminary step for understanding biological mechanisms and 
for discovering drugs that can inhibit or activate those proteins. This prediction was 
initiated in 1994 by Moult and colleagues, in an event called CASP: Critical 
Assessment of protein Structure Prediction. Presently, all structure-prediction 
algorithms that are available are based on assuming that similar sequences lead to 
similar structures. Furthermore, GWAS is a new tool analyzing genes and diseases. 
The ultimate goal of GWAS is to use genetic risk factors to make predictions about 
who is at risk and to identify the biological basis of disease susceptibility for 
developing new prevention and treatment strategies (Bush & Moore 2012). 
1.3.2. The protein folding principal 
Native and functionally active protein is formed by the folding of newly 
synthesized polypeptide chain. It results in convey of information encoded into amino 
acid sequence to a well defined 3-D structure (Anfinsen 1973). Internal core of the 
globular protein is mainly composed of hydrophobic residues held together by vander 
Waals forces whereas its surface possesses polar and charged side chains of amino 
acids. Protein remains in this compact form but it is the flexibility of the polypeptide 
backbone and the precise interaction of the side chains that determine the particular 
conformation of a protein. 
Protein folding is defined by kinetic as well as thermodynamic factors. Kinetic 
features of folding are associated with the vectorial nature of protein synthesis and the 
thermodynamic features arises due to the necessity of energy minimization of folded 
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polypeptide chain .The native structure of polypeptide, resulting from folding, is the 
thermodynamically most stable conformation (Dinner et al. 2000; Dobson et al. 1998; 
Dill & Chan 1997) 
On thermodynamic perspective, four main contributors namely: the hydrophobic 
effect, the energy of hydrogen bonds, electrostatic interactions and the conformational 
entropy due to the controlled flexibility of the main and the side chains are 
responsible for free energy of the molecule. 
Hydrophobic effect  is an entropic effect that arises from the rearrangement of 
hydrogen bonds between the solvent and apolar solute. This hydration process is 
energetically not feasible and thus brings apolar solute together which ultimately 
results in diminishing their solvent exposed surface area. Studies on small apolar 
molecules reveal that the separation or pulling apart of' two hydrophobic groups in 
water is an exothermic process accompanied with reduction in entropy of the system. 
The reverse process, that is the association of apolar groups to form a "hydrophobic 
bond", is consequently said to be "entropy driven" and comes about instinctively even 
though it is endothermic. The enthalpies or heats of such processes are also 
characteristically temperature dependent. and this has been some of the stronger 
evidence for the role of such interactions in protein folding (Cooper 1999; Schellman 
1997). Hydrophobic force has been established as the major force responsible for 
protein folding (Dyson et al. 2006) because it results in the fast collapse of the 
polypeptide chain and thus reducing the configurational space to explore to a larger 
extent. This all makes hydrophobic interaction a major stabilizing force imparting 
thermodynamic stability to the folded state. 
Hydrogen bonds are now considered to be the most effective electrostatic 
interactions between permanent electric dipoles, especially among the groups such as 
—NH and —CO = or — OH and the —NH---O=C. of the proteins. These interactions have 
critically acclaimed importance because they play an important role in predicting the 
regular helical or sheet conformation of the protein as well as they have contribution 
towards protein stabilization. Elegant 'backbone mutagenesis' studies found that a 
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hydrogen bond in a (3-sheet contributed 1.3 kcallmol and in a-helix 1.4 kcal/mol 
(Bowie 2011). 
Electrostatic interactions like ion pairs and salt bridges present in protein are 
very specific and are responsible for folding of protein, its task and suppleness. 
Different studies have given the idea of stabilizing or destabilizing property of salt 
bridges (Razvib & Scholtz 2006; Lee & Tsai 2005). 
Conformarional entropy of the polypeptide chain is one of the major 
destabilizing contributions towards the stability of the folded state (Linhananta et all 
2011). A noteworthy entropy decrease results when a polypeptide folds into a 
specific, compact structure. This entropy decrease is counterbalanced by various intra-
chain interactions. It results in the overall stability of the protein which is very 
insignificant, being on the order of 5-10 kcal/mol. This amount is very marginal when 
compared to huge stabilizing and destabilizing contributions. Although we know the 
stabilizing and destabilizing contributors in protein folding, but due to the 
compensatory effect in the total energy balance, a confident prediction cannot be 
made about any specific type of significant interaction (Jaenicke 2000). 
Polypeptide has the ability to select one conformation, instinctively and usually 
quite rapidly, from a myriad of alternatives. Despite a lot of work, a mechanistic 
understanding of the folding transition has remained obscure (Szilagyi et al. 2000). 
This has given rise to what has come to be called "The Protein Folding Problem". 
1.3.3. Models for in vitro protein folding 
Nucleation-condensation growth model was proposed by Wetlaufer in 1973 
(Wetlaufer 1973). This model highlights the formation of nucleus (about 8-18 amino 
acid residues long), from a region of the polypeptide chain, as the rate-limiting step of 
the protein folding process. Nucleus needs to form their local contacts in order for the 
folding reaction to proceed to the native state (Nolting & Agard 2008). On the basis of 
nucleation-condensation growth model and its equivalence to first-order phase 
transitions, the concepts of nucleation and free energy landscape have prompted much 
of the progress in understanding the process of protein folding. 
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Karplus and Weaver in the year 1976 (Karplus & Weaver 1994) proposed 
Diffusion-collision-adhesion model. This model suggests that fluctuating micro-
domains move outward and frequently smash together. These interactions lead to the 
formation of clump of micro-domain into larger units (adhesion). During this process 
diffusion step is considered to be the rate-limiting step. 
Kim and Baldwin in 1982 put forward another model known as Framework 
model (Kim & Baldwin 1982). This model postulates a stepwise involvement of 
various interactions in the protein structure formation. It hypothesizes that protein 
folding is hierarchical, i.e. during folding; secondary structural elements are formed 
initially (pre-MG), which later constitutes the framework for further formation of 
secondary structure (MG). Elements of secondary structure then assemble into the 
tightly packed native tertiary structure either by diffusion and collision (Fig. 2) 
(Karplus & Weaver 1994). 
Zipping and assembly model also termed hydrophobic zipper model was 
proposed by Dill et al. (1993) to explain how a protein find its native state without a 
comprehensive search. In this model, protein folding reaction starts with the 
independent formation of local structural pieces along the chain, then those pieces 
either grow (zip) or coalesce (assemble) with other structures to form the native fold. 
Hydrophobic collapse model (Fig. 3) was first proposed in the year 1985 by 
Dill and the first evidence of this model has been found in the case of barstar (Zaidi et 
al. 1997). According to this model, initial relatively uniform collapse of protein 
molecules takes place that are mainly driven by hydrophobic forces (Dill 1985), 
which arise from the repulsion between hydrophobic side chains of the protein and the 
hydrophilic water molecules of the environment. Stable structure begins to grow only 
in the process of collapse (Dyson et al. 2006). 
Yet another model, the Jigsaw puzzle model, was proposed by Harrison and Durbin 
(1985) (Fig. 4). This process suggests that there is no compulsion of having a 
complete distinct and direct folding pathway. This pathway suggests proteins can 
attain their native state via multiple pathways analogous to the assembly of the pieces 
of jigsaw puzzle. 
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I. nfolded chain 
Secondary structure 
fluctuating around its 
native position 
 
3-D native state Native-like 
secondary 
structure 
Fig. 2: Framework model of stepwise folding. The secondary structures are shown 
as helices (a-helices) and arrows (f3-strands). Both predicted intermediates have been 
already observed; the first one is now known as "pre- MG" and the other as "MG". 
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Fig. 3: Hydrophobic collapse model showing the formation of native state from 
unfolded polypeptide. Protein buries its hydrophobic side chains from solvent water 
early during folding. forming a collapsed intermediate, from which the native state 
develops by searching within this confonnationally restricted state. 
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Fig. 4: Illustration of jigsaw puzzle model of the MG. Thick line represents the 
backbone of the polypeptide whereas pieces of various shapes hanging from the 
backbone represent its side chains. In the native form, all the side chains are closely 
bitted with each other imitating the pieces of jigsaw puzzle. 
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The multiple pathways of folding highlighted by the jigsaw puzzle model, in 
reality is consistent with the protein folding funnel concept based on the energy 
landscape theory (Fig. 5). The native state of protein at its global free energy 
minimum is located at the bottom of funnel-like energy landscape and each molecule 
can pursue a different microscopic route from top of the funnel to its bottom (Wang & 
Verkhivker 2003). Compared to the hydrophobic collapse model, Folding Funnel 
Hypothesis characterizes a more complete scenario of how a population of unfolded 
peptide chain goes down from the top of funnel-like energy landscape to the bottom 
of the native states via multiple routes (Liu e1 at. 2012). The hydrophobic collapse is 
just one of the most important events occurring in early-stage folding. Other events 
such as the formation of the MG, trapping of folding intermediates in the local 
minima, overcoming the local energy barriers, formation of the transition state 
ensemble. reconfiguration of the tertiary interactions and aspects of thermodynamics 
and kinetics of protein structure can also bo characterized by the folding funnel. 
Finally, Mittal et at (2008) proposed Stoichiometry-driven protein folding 
hypothesis, Their analysis on 3718 folded protein structure reveal astonishingly 
simple principle of backbone organization, which is interpreted as Chargaf£s rules 
related to protein folding, i.e., a stoichiometry-driven protein folding (Mittal & 
Jayaram 2011a; Mittal & Jayaram 201 lb). One of the interesting findings is that the 
total number of possible contacts for the Ca atom of a given amino acid correlates 
remarkably with its occurrence percentage in the amino acid sequences, leading to a 
conclusion that protein folding is a direct consequence of a narrow band of the 
stoichiometric occurrences of amino acids in the primary sequences. On the other 
hand, the statistical results reveal that there is no "preferential interactions" between 
amino acids, thus leading to a conclusion that the "preferential interactions" between 
amino-acids do not drive protein folding. 
Although these findings are very interesting, but, further verification and elucidation 
of the mechanism underlying these statistical phenomenon is required (Berendsen 
2011). 
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Fig. 5: A schematic energy landscape for protein folding. The energy of the protein 
chain is represented by the deepness of the wells, and the configurational entropy of 
the states is represented by their width. l infolded states showing varied conformations 
and residual structures which may possess several distinct morphologies. The 
competition between unimolecular folding and aggregate formation is intricately 
balanced by the cellular proteostasis network. 
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1,3.4. Modes for in vivo protein folding 
The in vivo folding mechanism of protein folding is quite different from in vitro. 
This difference arises due to the prevalence of different environmental conditions in 
vivo and in vitro. Two mechanisms are known for in vivo protein folding: co-
translational and post-translational. 
According to co-translational pathway, folding of newly synthesized chain 
proceeds in the ribosomal tunnel where these chains are protected from aggregation 
and degradation (Jha & Komar 2011; Kramer etal. 2002; Frydman 2001). Binding of 
nascent chain with chaperone (Fig. 6) stabilizes elongating chains on ribosome in a 
non-aggregated state (Kramer el al. 2002). A molecular chaperone is a protein that 
interacts and stabilizes/helps a non-native protein to acquire its native conformation 
but it itself is not present in the final active product. They are involved in a large 
number of cellular functions, including de novo folding, refolding of stress-denatured 
proteins, oligomeric assembly, intracellular protein transport and assistance in 
proteolytic degradation. After the emergence of protein from ribosome, newly 
synthesized chain can complete folding into biologically active conformations in 
cytosol. This mechanism is characteristic of both prokaryotic and eukaryotic cells, 
and appears to be the universal and the most evolutionarily ancient mechanism. 
Chaperones that generally participate in protein biogenesis include the Hsp-70s and 
elraperoains {HspGOs). They primarily recognize hydrophobic amino acid side chains 
exposed by non-native proteins and promote their folding through ATP-regulated 
cycles of binding and release. Some chaperonins are found in eukaryotic cytosole like 
thertnosome, TRiC. Proper folding of protein does not only depend on one chaperon, 
but a group of chaperon and chaperonins. For e.g. folding of protein in E. colt is 
mainly dependent on GroF.l.iGroES system of chaperonins. Firstly, protein binds to 
chaperon DnaK and later this complex binds to DaaJ. Hereafter, GrpE catalyses 
transfer of partially folded protein to CroF.L. Top most surface of GroEL binds to the 
hydrophobic amino acid residues of the protein. Later, binding of ATP to the 
equatorial surface of GroEL results in conformational changes in its structure. This 
conformational change leads to the binding of GroES to the apical surface of GruEL. 
This whole change results in the release of protein to the cavity of GroEL. 
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Fig. 6: Folding assisted by molecular chaperons. Newly synthesized protein are 
coming out from ribosome gets attached to chaperon which guides its proper folding. 
After folding. chaperons detach from polypeptide leaving behind native protein. 
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Alter this step, ATP gets hydrolyzed to ADP inside the complex and outcome in the 
binding of other ATP of the complex. Binding of this new ATP releases GroES and 
properly folded protein to the cell. 
Posttranslational folding concept gives emphasis on the fact that protein folding 
start after its complete biosynthesis and release from ribosome (Dill et aL 1995; 
Creighton 1990). This concept deals with the idea of renaturation of small protein, in 
vitro, if after its synthesis it has been denatured due to stress or other reasons. The 
protein quickly refolds as soon as external stress is removed. 
The in vivo protein folding mechanism has not been studied sufficiently. 
Various states that are formed during protein folding pathways are discussed below: 
L3.5. Transition/intermediate states in protein folding 
To find out different equilibrium intermediates, different studies on globular 
protein were reported (Kuznetsovan et al. 2002; Cardinale et al. 2001), these were 
later confirmed to be associated to some specific folding intermediates. Nevertheless, 
these equilibrium intermediates, reported in different proteins, shows prominent 
similarity among themselves. They all possess native-like structure and lack 
prominent tertiary structure. 
Later, Ohgushi and Wada (1983) introduced the concept of "MG". According to 
them. MGs are considered to be the equilibrium intermediates that belong to a 
common physical state of globular protein. After the introduction of MG, a new 
interest developed among researchers to characterize those (Naeem & Khan 2004). 
The thermodynamic properties of MGs and other non-native protein 
conformations are difficult to establish unambiguously. Partly this is because they are 
difficult to define and in only relatively few instances experimental conditions can be 
found which stabilize significant population of such species. It has been observed that 
under appropriate conditions, many proteins can fora a specific, compact and 
denatured conformation, a pre-MG state (Kuznctsovana et al. 2002; Cardinale et al. 
2001; Uversky et al. 1998). Characteristics of this slate includes presence of native 
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like secondary structure, but in a much lesser quantity than that of MG state, a 
considerably less compact structure than MG state but much more than corresponding 
random coil. It can also react with hydrophobic dyes like ANS, but the bond is much 
weaker compared to that of its counterpart MG. This shows that this state have some 
hydrophobic clusters that are formed before achieving MG state. Finally, the pre-MG 
and the MG are separated by an all-or-none phase transition, reflecting the fact that 
these PFI represent discrete phase states. Importantly, several structural elements of 
these squeezed coils may occupy native like positions (Uversky 2003). Being familiar 
with the fact that this state might comprise a specific native-like core with burial of 
hydrophobic residues, the transition from this state to the MG/native state would not 
require noteworthy energy changes and could occur quite easily. According to the 
earlier concepts of MG, backbone of the polypeptide possesses fluctuating native like 
folds and disorders are mainly in the side-chain of the polypeptide (Ptitsyn 1992; 
Shakhnovich & Finkelstein 1989). However, this idea was later rejected on the basis 
of thermodynamics and energy landscape theory. Further, Privalov argued that MG 
states are the one having either improperly folded or partially folded structure 
(Privalov 1996). But Dill and his associates on the basis of various models proposed 
that the degree of freedom of the polypeptide backbone and side chains are coupled to 
each other (Dill et al. 1995), thus, rejected the idea of some ordered and some 
disordered portion of the same polypeptide. Arai and Kuwajima (Arai & Kuwajima 
2000) described the salient features of a MG state as 1) presence of a significant 
amount of secondary structure, (2) lack of precise tertiary interaction formed due to 
the tight packing of the side chains of the polypeptide, (3) compact structure in 
comparison to native with 10-30% larger radius of gyration, and (4) loosely packed 
hydrophobic core which increases hydrophobic surface available to solvent. However, 
there is variation among different proteins in the exact form of the MG state. Later, 
studies carried out by different researchers confirmed the view that MGs are more 
assorted: one part of the chains is more arranged and native-like than the other. At 
highly unstable conditions MG state unfolds and resulted in denaturation. 
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1.3.6. Unfolded/ denatured state 
The pre-requisite for getting a clear picture about protein folding (Baldwin 
2002; Bryngelson 1995) and misfolding (Dobson 2004) events is to understand the 
conformational and energetic properties of the protein that has been denatured. 
Moreover, understanding the structural properties of unfolded proteins may give us an 
idea on the early events of protein folding and aggregation (Uvcrsky & Fink 2004). 
It has been postulated that the denatured state of proteins is composed of an 
assembly of featureless randmn-coil like conformations. However, the possibility that 
denatured proteins can have residual native-like structures has not been rule out 
(Shortle & Ackerman 2001; Englander 2000). Several studies established the role of 
specific interactions in conformational biasing toward the native state whilst 
occupying the denatured state. Pappu at al- (2000) demonstrated that denatured states 
have a strong preference for native structure. In several other studies (Srinivasan & 
Rose 2002; Zwanzig et at 1992), it was proposed that the conformational bias of 
native structures in the denatured state is a possible explanation of the Levinthal's 
paradox. The observation of residual native secondary structures in thermally 
denatured protein states is consistent with a "guided-folding" scenario (Baldwin & 
Rose 1999), where the rate-limiting process is the packing of preformed secondary 
structures into the correct fold. In contrast, a random coil model of the denatured state 
without residual native-like structures implies that a protein has to overcome a high 
entropic barrier to form both the secondary and tertiary structure upon folding. If 
protein fails to overcome this entropic barrier from primary amino acid sequence, it 
results in misfolded protein. 
1.4. 	Protein misfolding and aggregation 
The outcome of polypeptides as to whether they fold correctly into native 
functionally active molecules or form aggregates is determined by antagonism 
between protein folding, degradation and aggregation (Bushmarina at al. 2001). 
Concentration of misfolded proteins and molecular crowding inside the cell leads to 
the formation of aggregates. Evidences have shown that genetic mutation including 
gene mutations, gene dose and promoter polymorphisms; environmental factors like 
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oxidative or metabolic stress and/or changes in the intracellular conditions (aging) can 
instigate protein misfolding and aggregation, but the exact mechanisms underlying 
protein aggregation in different neurodegenerative disorders are still not completely 
understood (Fig. 7). In a crowded cellular environment, bordered by interacting 
proteins, nascent polypeptides face an alarming challenge in finding the correct 
interactions that result in a folded and functional protein. Many of these get trapped in 
meta-stable intermediate structures that got recognized by proteosomal machinery and 
are degraded or refolded by molecular chaperons. Otherwise, they can either misfold 
or self-associate leading to the formation of amorphous compounds or an elongated 
structure of non-branched homology called as AF. Accumulation of these fibrils can 
results in the occurrence of a large number of human diseases commonly referred to 
as amyloidosis. Fewer than 25 amyloid-forming proteins have been identified and 
associated with serious diseases, including amyloid- peptide (AP) with Alzheimer's 
disease, islet amyloid polypeptide with diabetes type 2, and prion protein with the 
spongiform encephalopathies and many more (Table 1). In each of these pathological 
states, a specific protein or fragment of protein gets modified from its soluble native 
form to insoluble fibrils that get accumulated in specific organ or tissues (Rochet & 
Lansbury 2000; Uversky et al. 1999a; Uversky el al. 1999b). Generally protein 
aggregation occurs when folded or unfolded intermediates interact mainly through 
contact of their hydrophobic surfaces, turning into large, stable complexes (Neudecker 
et al. 2012; De Bernardez Clark et al. 1999). Recent evidences have also indicated 
that the aggregated proteins may spread from one cell or brain area to another and 
function as seeds to prompt protein misfolding and aggregation in these previously 
unaffected cells/ areas (Walker & Levine 2012). Also, inefficient protein biogenesis, 
excess unassembled units of oligomeric protein complexes and inefficient 
translocation of secretory or mitochondrial protein precursors may result in the 
accumulation of misfolded proteins. This all result in increased production of 
misfolded proteins and thus challenge the capacity of the PQC system. In 
neurodegenerative diseases, the deficiencies in the PQC system together with 
mutations in the disease-associated protein, inflammation and oxidative stress are 
intimately involved in the pathogenesis of these diseases. This further enhances the 
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Fig. 7: Sequential diagram of the molecular events leading misfolded 
polypeptides to induce cell death. Environmental factors and genetic mutations can 
affect a protein's structure, or 3D shape, causing it to misfold. Misfolded proteins 
often clump together resulting in aggregates. The aggregates are toxic to some cells 
such as neurons and lead to diseases such as Alzheimer's. Parkinson's and 
l-{untington's. Cell death occurs as a consequence of a rise of misfolded/unfolded 
polypeptides and their toxic early aggregates overpowering the chaperone—ubiquitin-
proteasome clearing efficiency. 
20 
Chapter I 
Table 1: Representative aggregates and amvloid diseases (Naeem & Fazili 2011, 
Dobson 2001, Ross & Poirier 2004). 
Huntington's I luntin1tin 	ith StriatUill, other basal Intracellular inclusions and 
disease pol}glutamine ganglia, cortex, other cytoplasmic aggregates 
expansion regions 
Alzheimer's Amyloid 3- Cortex, hippocampus, Neuritic plaques, neuro- 
disease peptide/ Tau basal forebrain, brain fibrillary tangles 
stem 
Parkinson's a- synuclein Substantia Ley bodies and levy 
disease nigra,cortex, locus r neuritis 
ceruleus, raphe etc 
Prion diseases Prion protein Cortex, thalamus, spongiform degeneration, 
(scrapie/Creutz brain stem, amyloid and other 
feldt- Jakob cerebellum, other aggregates 
disease) areas 
Haemodyalvsis- (3.- microglobulin Gastrointestinal tract accumulation of 132- 
related including the microglobulin in the 
am•loidosis stomach, small osteoarticular structures 
intestine, and colon 
Type lI Amylinor islet Heart, eyes, blood insulin resistance and 
diabetes amyloid vessels, kidney, relative insulin deficiency 
polypeptide nervous system etc 
Insulin related insulin Multiple body areas Aggregates of insulin 
amyloid 
Primary intact light chain Bone marrow, Multi-systemic 
systemic or fragment systemic areas homogenous hyaline 
amyloidosis amyloid material 
Familial Transthyretin/ Nerves, heart, kidney systemic deposition of 
amyloidosis I_y'sozynle and other organs amyloidogenic variants of 
the transthyretin protein, 
especially in the peripheral 
nervous system 
Cataract y-crystallin Eyes white, wedge-like opacities 
starting from periphery of 
lens towards centre 
Lysozyme Lysozyme Stomach extended amyloid deposits 
systemic in the upper gastrointestinal 
amyloidosis tract, entire colon, and 
kidney 
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accumulation and aggregation of proteins and may lead to aberrant protein 
modifications. These mechanisms together are thought to underlie the excessive 
accumulation and aggregation of proteins, which cause neuronal dysfunction and 
neurotoxicity and ultimately lead to widespread neurodegeneration (Takalo et al. 
2013; Lehman ei al 2012; Naeem & Fazili 2011; Schmidt et al. 2011) (Table 2). in 
general, clumping and deposition of proteins in the human body, in the form of well 
organized, fibrillar aggregates termed as AF, is the main cause of a major fraction of 
protein misfolding diseases. During the past decade, numerous etiologically distinct 
diseases have been linked by the possibility that they result from the progressive 
ntisfolding of specific proteins into aggregates that can injure and kill cells. Protein 
aggregates can elicit immune response in body or sometimes they may affect vital 
body functions. Together, these disorders inflict enormous personal and societal 
burdens, making it crucial to understand their origins and to learn bow to prevent 
them. 
1.4.1. Types ofprotein aggregates 
Aggregates can be of different types depending on their solubility and the mode 
of interaction between them. They are of two types on the basis of solubility: soluble 
aggregates and insoluble aggregates. Soluble aggregates are invisible particles, 
cannot be viewed by naked eyes and they cannot be removed by filtration. While 
insoluble aggregates are large enough to he removed by filtration and olien they are 
visible to human eye. Aggregates can also be covatently linked by disulfide bond 
formation between free thiol groups (Krebs ci al. 2009). Oxidation of Tyr residues 
can lead to formation of bityrosine which often results in aggregation. Aggregates 
may be linked via weaker interactions like those in reversible protein aggregates 
(Cromwell et a). 2006). The reversibility of this type of aggregation can change when 
environmental factors such as protein or salt concentration or pH are varied. Still, 
other forms of aggregates are particulate structure that has been found in a variety of 
structurally unrelated proteins (Krebs et al. 2007) and spherulite (Krebs el al. 2004) 
because they show a great similarity with the semi-crystalline structures seen in 
synthetic polymers under the polarizing microscope (Krebs et al. 2009). 
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Table 2: Protein folding diseases (ER; Endoplasmic reticulum. Data from Naeem & 
Fazili 2011, Dobson 2001) 
Hy percholesterolemia Low 	density 	lipoprotein 
receptor 
ER 
Osteogenesis imperfect Procollagen ER 
Sickel cell anaemia Haemoglobin Cytosol 
a-l-antitrypsin 
deficiency 
a-I -antitr\'psin ER 
Tay-Sachs disease t3-hexosaminidase ER 
Cystic fibrosis cystic fibrosis transmenbrane 
regulator 
ER 
Cancer p53 Cytosol 
Phenyvlketonuria Phenylalanine hydroxylase Cytosol 
Scurvy collagen ER 
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1.4.2. Structural and morphological analysis of AFs 
The most distinguishing feature of AFs is the well organized structure with high 
13-sheet content. This cross-13 XRD pattern was observed for the amyloid deposits in 
most diseased tissues. In 1959 it was found that the amyloid, which is hyaline and 
structure-less under light microscopy. in fact has a characteristic fibrillar ultra-
structure when analyzed by EM (Eisenberg & Jucker 2012). This finding was 
confirmed in several other studies (Cohen et al. 1962; Heefner & Sorenson 1962) 
which gave further insight into the specific structural organization of AFs. Of 
particular interest was that although the morphology of the fibrils is similar, 
consisting of a cross-13 structure with the 13-strands perpendicular to the fibril axis, the 
proteins from which they are built are different. Either of the techniques. EM and 
AFM has highlighted the fact that AFs have dissimilar morphologies at fibrillar level. 
A proto-filament can have either a curved or straight morphology with lack of any 
helical twist. The diameter of this filament ranges from 2-5 nm. 2-6 proto-filaments 
twist around each other in a rope-like or ribbon-like fashion to form fibril having a 
diameter of 7-15 nm (Serpell et al. 2000). A vast variety of aggregates were observed 
by EM and AFM studies. These aggregates can be disordered, oligomeric, spherical, 
pre-fibrillar or fibrillar (Tycko 2006; Kad et al. 2003; Stine et al. 2003). Fig. 8 shows 
a collective view of different types of structures that can be adopted by a polypeptide 
chain in either in vivo or in vitro. Structural analysis of AFs under high resolution is a 
very big challenge owing to its insolubility and big size. Crystallization of fibrils for 
X-ray determination is quiet difficult because the support unidirectional growth. 
Solid-state NMR spectroscopy may provide useful high-resolution information 
regarding the structure of AFs (Tycko 2006). Morphology of the AFs that has been 
grown in vitro largely depends on the micro-environment conditions like buffer 
composition, temperature, pH and concentration of protein. Sometimes, under similar 
conditions, a single polypeptide results in the formation of fibrils possessing different 
morphologies. This polymorphism of AFs is the result of expression of dissimilar 
elementary structures formed at molecular level (Petkova el al. 2005). 
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Fig. 8: Various fates of poly peptide after its formation from the ribosome. 
Modifications of protein structure or environmental conditions may support protein—
protein interactions into fibres or into crystalline lattices. Should these conditions be 
destabilising. the equilibrium is shifted to the left thus increasing the population of 
partly folded molecules. 
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1.5. 	Mechanism of aggregates formation 
Protein aggregation can occur by a number of mechanisms or pathways. It may 
be possible that more than one pathway occurs for the same product or a single 
protein may undergo aggregation by different mechanisms (Philo & Arakawa 2009). 
Five major mechanisms of protein aggregation are discussed below: 
1.5.1. Reversible association of native monomer 
The ability of a protein to reversibly associate is inherent in its native form. The 
surface of the protein monomer is self complementary, so they can self-associate 
readily to form small oligomers. Also, there may be multiple sticky or complementary 
patches on the protein surface which can provide different interfaces and thus form 
oligomers of different conformation from the monomers of similar stoichiometry. 
They can also show different pattern of oligomers growth. With time these oligomers 
emerges bigger in size and sometimes they may form irreversible aggregates by the 
formation of covalent bonds like disulfide bond. One example showing this type of 
mechanism is insulin (Pekar & Frank 1972). 
1.5.2. Aggregation of conformation ally altered monomers 
In the second mechanism, the native monomers do not have the ability to self 
associate by themselves. When certain conformational changes occur in their native 
state, modified monomers become capable to associate among themselves in a way 
similar to the one proposed above. Here, aggregation is promoted by stress that causes 
changes in the native conformation of the monomer whereas it is inhibited in the 
conditions that stabilizes the native state (Krishnan et at 2002). 
1.5.3. Aggregation of products modified chemically 
This mechanism is similar to the previous mechanism but here the difference 
lies in the method of monomer modification. Usually this difference is caused by 
chemical degradation such as oxidation of methionine, deamidation, or proteolysis. 
Chemical changes may create a new sticky patch on the surface, or change the electric 
charge in a way that reduces electrostatic repulsion between monomers. The 
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aggregates formed after this mechanism is enriched with modified monomers but 
sometimes they may also have native monomers that are recruited in the aggregates. 
Aggregates of chemically altered protein can be particularly immunogenic 
(Henneling et aL 2006) 
1.5.4. ,Vudentinu controlled rueeLnnisua 
Ibis mechanism is common for the formation of particulatesJaggregates (Chi et 
al. 2003; Ilassana 2011). According to this mechanism, native monomer has very less 
ability to form small or moderately sized oligomas. But if aggregate of some size 
manages to form, then the growth of this "critical nucleus" is strongly favoured and 
the formation of bigger species lakes place rapidly. One of the main features of this 
mechanism is that the rate of formation of precipitates usually exhibits a lag phase 
(Friedcn 2007). This means that precipitate cannot be detected for a long period of 
time but then rather suddenly large species appear and accumulate. Length of the lag 
phase can vary in a random manner. This mode is called as "homogenous nucleation'. 
In a second variant of this mechanism, the critical nucleus is not a particle made of the 
product protein but rather a particle of an impurity or contaminant. This second 
variant is called "heterogeneous nucleation". 
2.5.5. Surface induced aggregation meclrmrism 
This process starts with the binding of the native monomer to a surface. This 
binding may be driven by hydrophobic interactions in the case of an air-liquid 
interface but for a container favourable electrostatic interactions may be involved. 
After this reversible binding, monomers undergo a change in conformation. It is this 
conformationally-altered monomer which aggregates. But in this case aggregation 
might occur either on the surface or perhaps after the altered monomer is released 
back into the solution. 
All the models proposed so far for aggregate formation involves significant 
conformation changes during aggregation process. Nelson and Eisenberg (2006a) 
suggested that there is no single model that accounts adequately far all the properties 
of all fibrils; however there are several models that provide valuable insight into the 
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alteration of proteins from soluble to their fibrous form. Some of the models 
anticipated are: refolding, natively disordered and gain-of-interaction. 
1.5.6. Refolding 
Refolding models depict each fibril-forming protein as existing in either its 
native state or a markedly different fibril state. In the conversion of a protein from its 
native to fibril fi. rm protein must unfold and then refold. Because the fibrillar state 
has many common properties that are independent of the fibril-forming protein, such 
as morphology and diffraction pattern, it has been suggested that the fibrillar state is 
defined by backbone hydrogen bonds (Fandrich et al. 2001). In this model, the 
specific sequence of amino acid side-chains is insignificant, although composition can 
affect the rate of fibrillization and the stability of the fibrillar state (Fandrich & 
Dobson 2002). An example of a refolding model is that proposed tur insulin by 
Jimenez et al. (Jimenez et al. 2002). 
1.5. 7. Natively disordered 
The natively disordered model suggests that protein or segments of protein, 
which are poorly ordered in their native state, form fibrils by becoming structured to 
form cross-n spine. This model has been proposed for several natively disordered 
proteins (Nelson & Eisenberg 2006a). 
1.5.8. Gain-of-interaction 
In this model a conformational change in a limited region of the native protein 
exposes a previously inaccessible surface. This newly exposed surface binds to 
another molecule, building up a fibril. In this model most of the structure of the native 
protein is retained in the fibril, only the interactions, surface and its links to the core 
domain are changed. 
The gain-of-interaction models can be further divided into four classes (Nelson 
& Eisenberg 2006b). The first class is called the direct stacking model, which 
suggests that the newly exposed surface attracts a complementary surface of an 
identical molecule. which will then stack on top of each other to form a fibril. This 
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model of fibril formation is least compatible with the cross-(S diffraction patterns, thus 
the generality of the direct stacking model for all amyloid-like fibrils seems unlikely. 
Cross-/I spine models are a second class of this model. In these models, short 
segment of the protein chain that becomes exposed has a tendency to stack into a (3-
sheet. The fibril grows with the stacking of the short segments of many identical 
molecules into l3-sheets. The segment may be located at the end of a folded domain or 
between two folded domains, and in either case the domains are proposed to retain 
their native structure in the fibril (Nelson & Eisenberg 2006b). 
The last two classes of gain-of-interaction models are the three-dimensional 
domain snapping and the dn-ee-dimensional domain st,apping t~ith a cross-/t spine 
model As suggested by the names, the structured domains of the protein can swap 
position and stack to form fibrils with/without a cross4i spine. These models have 
been proposed for fibrils of eystatin C, (32-microglobulin and others. 
1.6. 	Amyloid states results from protein abnormalities 
Proteins responsible for neurodeeenerative diseases are natively unfolded and 
thus can interact with different partners to form several multimeric complexes. It can 
result in their potential propensity, if not kept under check, to form abnormal 
muhimeric complexes. Physiologic and pathologic data suggests the formation of at 
least three different types of protein complexes namely; Physiologic 'Protein Mosaics 
(PM), Protein Aggregates and Pathologic PM (Agnati et a). 2009). Furthermore, the 
(3-sheet conformation present in aggregates may have a physiologic role and even the 
amorphous aggregates may function to shield the potentially toxic diffusible 
oligomers. In fact, libril formation (amyloidogencsis) may be an evolutionary 
conserved mechanism for creating biologically active quaternary structures. Although 
aggregation does not rule out detrimental effects of amyloid deposits in particular 
contexts (eg. obstructive vascular amyloid), they clearly show that amyloid formation 
can be beneficial. Several studies suggest that the formation of tightly packed 
Huntingtin deposits is beneficial for cell survival. These deposits promote formation 
of inclusion bodies and amyloid plaques that may function by shifting the equilibrium 
away from more toxic conformers. Also, Arctic mutation (.A(3-E22G) within Ap 
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peptide influences the rate at which Ali assembles into AFs and thus amyloid plaques 
diminishes non-amyloid A assemblies. Non-amyloid A 3-assemblies are correlated 
with behavioural and neuronal deficits. The promotion of A13 AF formation, without a 
coinciding increase in oligomeric A13, may be beneficial (Sebastian et al. 2009; 
Landreh et al. 2012). Although, in vitro formation of most amyloid can be nucleated 
or "seeded" by the amyloid itself from a soluble pool of the amyloidogenic peptide 
or protein, not all amyloids have been shown to be transmissible and thus not all 
amyloids can be considered prions. In general, prior form of Sup35, Ure2p, Mot 3, 
Swi 1 p is inactive (Greenwald & Rick 2010). Thus actively promoting amyloid 
formation, this may prove to be beneficial, in some protein misfolding pathologies. 
1.7. 	Toxic species in aggregation 
Although substantial evidences suggests that aggregates are the toxic end state 
achieved in aberrant protein folding but the actual culprits are the transient, pre-
fibrillar species preceding aggregates that are most toxic in nature (Zhu et al. 2000; 
Aguzzi & Calella 2009). The toxicity of immature protein aggregate "preamyloid" 
seems to be a quite general phenomenon. For example, the prefibrillar forms of non-
disease-related HypF-N from E. co/i, the Sf13 domain from bovine 
phosphatidylinositol 3-kinase, lysozyme from horse, and apomyoglobin from sperm 
whale are all extremely toxic to cultured fibroblasts and neurons, whereas their 
monomeric native states and amyloid-like fibrils, formed in vitro, displayed very little 
toxicity (Chiti & Dobson 2006). It has been found that polyclonal antisera can bind to 
protofibrillar species from different sources, but it cannot bind to their corresponding 
native or fibrillar state suggesting that soluble amyloid oligomers have some 
important common structural elements. Oligomeric species with different degree of 
structural order are believed to mediate various pathogenic mechanisms that may lead 
to cytotoxicity and cell loss eventuating in organic and systemic morbidity. "I'he 
conversion of a protein from its native to oligomeric form generates a wide 
distribution of misfolded species which exposes a range of groups that are normally 
masked in globular proteins. The improper interactions between oligomers and 
cellular components such as membranes, small metabolites, proteins, or other 
macromolecules, may conceivably lead to the malfunctioning of crucial aspects of the 
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cellular machinery. On the basis of cell type involved, the result could be impairment 
of axonal transport, oxidative stress etc. ultimately leading to apoptosis or other forms 
of cell death. Small aggregates have higher relative toxicity compared to larger 
aggregates owing to a higher proportion of residues on their surfaces (Volles cat al. 
2001). 
1.8. 	Diseases arising due to protein adore ration 
\oww adays a number of diseases associated with the frmation of extra cellular 
AFs or intracellular inclusions with amyloid like characters are known. These diseases 
can be broadly classified in three main groups namely. neurodegenerative, 
nonneuropathic localized amyloidosis and nonneuropathic systemic amyloidosis. 
These soups are differentiated from each other on the basis of location where 
amyloid used to gets deposited in the body. Diseases included in the group of 
neurodegenerative diseases affect the central nervous system by the formation of 
aggregates in the brain. Alzheimer's and Huntington's disease, spongiform 
encephalopathies are included in this group. In nonneuropathic localized amyloidosis, 
aggregation occurs in only one type of tissue other than brain whereas in 
nonneuropathic systemic amyloidosis aggregation occurs in multiple tissues. The 
former category includes diseases like cataract and type II diabetes whereas other one 
includes fibrinogen and lysozyme amyloidosis. Spongiform encephalopathies have an 
important property that it can be transmissible to humans as well as mammals (Chiti 
& Dobson 2006). Hemodialysis associated amyloidosis was the first disease that was 
associated with medical complication (Gejyo et al. 1985). 
Progression of these diseases occurs via several routes including prion-like 
propagation mechanism of misfolding or the possible mechanisms of intercellular 
spread of misfolded proteins (Guest et al. 2011). The misfolded protein may then 
spread intercellularly to communicate the misfold to adjoining areas and ultimately 
infect a whole tissue. This type of behaviour is seen in various neurodegenerative 
diseases including Alzheimer's. Also, theoretical and experimental evidence indicates 
that a key role in the conformational changes leading to amyloid formation is played 
by short sequence stretches within a given protein. 
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1.9. 	Advances in protein folding and aggregation 
All these advances in our understanding of protein folding would be impossible 
without the development of completely new experimental advances that have allowed 
for probing in details the energy landscape. Some of the most recent and amazing new 
techniques like terahertz spectroscopy allows for directly probing protein induced 
changes in the collective water network. Also two-dimensional-infrared technique 
perm -3- its the observation of dynamical phenomena directly. This technique can 
directly relate the structure and detailed dynamics experimentally. Schneider 
discussed how new high-flux x-ray techniques have got the ability of determining 
protein structure in small crystals. Recent progress in electron microscopy with 
particular emphasis on challenges in fitting high-resolution structures into EM 
reconstructions can ultimately help in progress of structural biology (Onuchic 2008). 
Various bioinformatics methods specifically attempting to predict aggregation-prone 
regions in protein are there which help in the identification of protein regions 
potentially involved in aggregate formation and the characterization of their 
properties. These are distinguished in two classes phenomenological and structural. 
Former class includes methods like SECSTR and SALSA whereas later includes 
NctCSSP and BETASCAN etc (Guidolin et al. 2012). 
1.10. Mechanism of aggregate toxicity 
The hydrophobic patches of oligomeric aggregates can interact with other 
components of the cell and damage them. They may cause damage through disruption 
of cell membrane. Also, protein aggregates, in vitro, can destabilize artificial 
phospholipid bilayers, leading to permabilization of the membrane. One of the 
proposed mechanisms for the toxicity of recombinant a synuclein protein in vitro 
(Sanchez et al. 2003) has been the formation of pores by ring like intermediates. 
Some studies have suggested that globular and PF intermediates are formed before 
mature fibres and these might be vital for toxicity (Thakur & Wetzel 2002). Another 
possibility might be toxicity associated with linear addition of monomers to the 
nascent fibre. Also, toxicity induced by polyglutamine aggregates may involve 
recruitment of other small proteins containing short polyglutamine stretch into itself. 
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Structural alteration of transcriptional regulator CREB binding protein and ultimately 
its degradation by protconle involves this type of toxicity. Although the most 
favourable strategy for preventing tissue damage by AFs is to stop aggregation or 
even production of the amyloidogenic protein sooner than it can generate any 
potentially damaging intermediates, special concern must be given to the elucidation 
of the mode by which tissue damage is caused by AF for the development of 
therapeutic approaches. 
Protein ti~lding and aggregation studies have got significance in understanding 
diseases arising due to conformational changes and aggregation in protein. 
\loilomeric and multimeric proteins can he used as a tool for studying such alterations 
in protein. 
1.11. Monomeric Proteins 
Monomers can be defined as relatively small and simple molecules which may 
bond with other molecule (during a polymerization reaction) to form a macromolecule 
called a polymer. Thus we can say that monomers are the units responsible for the 
formation of a polymer. Proteins used in making a multi-protein complex may he 
regarded as monomeric protein (1lynson et al. 2012). Interactions that stabilize the 
monomer are present in the oligomers except for those in the hinge region that 
connects the swapped domain with the rest of its chain (Kuhlman et al. 2001). Short-
length polypeptides are usually devoid of secondary structure in isolation. Thus, it can 
be suggested that peptide binding is equivalent to the folding process, in which the 
peptide is the last element to be added to the growing structure, albeit not on the same 
polypeptide chain (Itzhaki et al. 1995). This folding analogy suggests that protein-
peptide interactions should follow structural patterns similar to those observed in 
monomeric proteins (Tsai et al. 1998: Gao & Skolnick 2012). In some cases, the 
equivalence to monomeric structures is obvious but for other protein-peptide 
structures, there is no apparent monomeric counterpart that has a similar arrangement 
of structural elements on a single chain (Remaut & Waksman 2006). Part of the 
problem in identifying structural similarities between structural motifs that occur in 
protein-peptide interaction and in monomeric proteins is the apparent complexity of 
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such interactions when viewed in all their atomic detail. Alternatively, it is often 
relatively simple to divide a protein structure in a small number of interacting 
fragments, roughly determined by the elements of secondary structure (Vanhee et al. 
2009). Among monomeric proteins; two types of protein are considered in this study: 
heme and non-heme related protein. 
Cyt c is a small globular highly conserved (-12000 Da) protein consisting of 
104 amino acids. The amino acid sequence of the protein moiety was among the first 
sequences which could be elucidated. This was the starting point for comparative 
studies about sequence variations found in cyt c from a wide range of species. 
Because of its ubiquitous nature and sequence homology, it has been used as a model 
protein for molecular evolution (Margoliash 1963). It consists of a single heme group, 
which is covalently attached to Cys14 and Cysl7. Here, the Fe which is coordinately 
linked with four nitrogens within the prosthetic group and with two additional ligands 
provided by the protein moiety can alternate between a reduced Fee+ and an oxidized 
Fe3+ state. Cyt c was the first protein in which an intermediate state induced by salt 
and alcohols at low p11 was detected (Oghushi & Wada 1983; Lyubovitsky et al. 
2002). It serves as a very good model for studying the unfolding/refolding phenomena 
of the polypeptide chain with the heme participating simultaneously in the process 
without bimolecular recombination. The function of cyt c in the respiratory chain as 
an electron carrier is well established. Moreover, an additional role of cyt c was 
discovered: its release from mitochondria into the cytosol triggers apoptosis — the 
programmed cell death. Apoptosis is very essential in many natural processes and if it 
becomes uncontrollable, degenerative diseases may occur. It is also involved in 
neurodegenerative diseases where its hyper-activity results in cellular apoptosis and 
hence death of the cells (Fiskum et al. 2003). 
The folding of OVA is of interest because to initiate the folding process, N-
terminal signal sequence is required but OVA lack these initiating signals. Thus, it 
accomplishes its folding process with the help of its internal hydrophobic signal 
sequence. It is a non-heme phosphorylated globular protein composed of 385 amino 
acids and is a member of the non-inhibitory serpin superfamily that incorporates 
mammalian a 1 -antitrypsin, a serine protease inhibitor that also regulates coagulation 
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and fibrinolysis processes. It is the main protein found in the egg white, making up to 
60-65% of the total protein. It has four sites of post-synthetic modification; in addition 
to the acetylated N-terminus, the carbohydrate moiety is located at Asn-292, and the 
two phosphorylated serines are at residues 68 and 344 (Nisbet et al. 1981). The amino 
acid sequence of OVA is in complete agreement with the determination of OVA 
mRNA sequence. It is an important protein to study helix/ sheet transitions, because it 
possesses almost equal amount of a-helix and f3-sheet, i.e., 30.6°0 a-helix and 31.4% 
(3-strand. It can be used as a carrier protein to conjugate synthetic peptides for use as 
an immunogen (Harlow & Lane 1985). However, the coupling of different ligands to 
OVA represents advancement in the development of oral vaccine (Yasseen & Zabut 
20O). It can also be administered during heavy metals poisoning as it cllclates heavy 
metals and trap them within its sulthydryl bonds and prevents absorption of metals 
into the gastrointestinal tract and prevents poisoning. 
HSA, in contrast, is also a non-heme soluble, globular and unglycosylated 
monomeric protein. It is a primarily cu-helical protein whose 585 amino acid structure 
is divided into multiple domains (Juarez cat al. 2009). Structure of IISA has been 
determined by X-ray crystallography under high resolution (Sugio et al. 1999). It has 
one Cys residue at position 34 in one of the domain with a free sulthydryl group 
(Farruggia & Pico 1999). The protein binds a number of relatively insoluble 
endogenous compounds such as unesterified fatty acids, bilirubin, and bile acids and 
thus facilitates their transport throughout the circulation (Kragh-Hansen 1981). It is 
also capable of binding a wide variety of drugs, and much of the interest in this 
abundant protein derives from its effects on drug delivery. Drug binding to plasma 
proteins such as HSA can he an important determinant of pharmacokinetics, 
restricting the unbound concentration and affecting distribution and elimination. It 
plays a special role in maintaining the pH and osmotic pressure of plasma. It is widely 
used clinically to treat serious burn injuries, hemorrhagic shock, hypoproteinemia, 
fetal erythroblastosis and ascites caused by cirrhosis of the liver (Hastings & Wolf 
1992). It is also used in plasmapheresis (McLeod 2012), as a manufacturing excipient 
for numerous pharmaceutical and biological products-example, stabilizer of vaccines 
and therapeutic drugs, coating for medical devices, as a component of drug delivery 
system and imaging reagents such as those used for X-rays (Mead et al. 2007) Many 
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other novel uses of HSA in biological applications have been explored such as 
nanodelivery of drugs (Leonharda et al. 2012), carrier of oxygen and fusion of 
peptides (He et at 2011). 
1.12. 11ultimeric Proteins 
Proteins of larger complex organisms (with smaller effective population sizes) 
have a significant tendency to be more adhesive and hence more likely to engage in 
promiscuous protein—protein interactions (Fernandez cat al. 2004, Fernandez & Lynch 
2011). Protein-protein interactions play an essential role in cellular processes. The 
comparatively high frequency of charged and in general polar residues at inter-subunit 
interfaces may even lead to the suggestion that ion pairing and 11-bonding across 
protein surfaces had a priming role in protein-protein interactions leading to 
oligomerization. This condition, which results from the accumulation of amino acid 
changes that reduce the protection of backbone hydrogen bonds from water attack, 
may secondarily promote the evolution of multimeric complexes with better overall 
wrapping. Relative to the situation in prokaryotes, eukaryotic proteins also exhibit 
substantial increases in the lengths of inter-domain regions (WVang et al. 2011), which 
presumably influences the tendency to engage in intramolecular versus intermolecular 
interactions. 
A multimeric protein consists of several subunits (several protein chains). If the 
subunits are the same protein chains, the protein is homomeric (homo = same). If the 
subunits are different (two or more different protein chains), the protein is 
heteromeric (hetero = different). These proteins also known as structural proteins can 
provide the cell with protection or with a mechanical basis for the transduction of 
signals across the cell. These tasks cannot be done by monomeric proteins. The rate-
limiting step in the folding process is the formation of the transition state, i.e., the 
conformation that has the highest Gibbs free energy on the folding pathway (Thukral 
et al. 2011). The significance and biological advantage of smaller ' functional' 
oligomeric proteins over their monomeric counterparts can be found in their ability to 
possess in a limited structure, a multiplicity of interacting sites for substrates and 
ligands; to respond flexibly to diverse environments; and to acquire the competence to 
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react in feedback regimes, through cooperative ligand binding to multiple protein sites 
(D'Alessin 1999). Some studies have reported that there is high frequency of charged 
residues at inter-subunit interfaces than that computed for the regions buried in the 
subunit tertiary structure. Polar residues are found more frequently at oligomer 
interfaces than at the inner regions of the assembled monomers whereas hydrophobic 
residues are much less frequent at inter-subunit interfaces than at the subunit inner 
cores (D'Alessio 1999). Without doubt, oligomers represent a relatively large 
proportion of the existing proteins, and arc capable of performing tasks for which 
monomers are not suited. 
Translerrin family is a collection of proteins that acts as a vehicle for Fe 
transportation between the absorption, storage and utilization sites in the body and, 
besides Fe, its two high affinities Fe-binding sites are capable of binding to 29 other 
elements. In physiological and pathophysiological conditions, transferrin's properties 
are different and close attention to these properties is required. hTF is a single unit 
glycoprotein containing 679 amino acid residues and two Winked glycan chains with 
a molecular mass of 79570 Da. Upon binding of two atoms of Fe, it becomes more 
compact or spherical in shape, and this confommtional change results in a Fe—laden 
protein being more resistant to denaturation in comparison to apotransferrin. Based on 
amino acid sequences, it can be divided into two homologous regions, the N-terminal 
domain (residues 1 to 336) and the C-terminal domain (residues 337 to 679) each of 
which reversibly binds a Fe31 concomitantly with a synergistic anion, carbonate 
(Arefanian & Djalali 2002). Each of the two domains within molecule contains a 
metal-binding site. Approximately half of the total hTF present in an adult body is 
located in blood plasma while the remaining are distributed among different body 
fluids including lymph, tears, cerebrospinal fluid, bile, amniotic fluid, milk, saliva, 
aqueous humor and seminal fluid hTF also plays an important role in proliferation 
and differentiation along with antioxidant activity (Goudarzi et a7. 2010) Besides this, 
it can be employed as cell culture media supplement and also serve as a conjugation 
(fusion) partner to stabilize and improve the pharmaeokinetics of certain 
therapeutically-important hiomolecules in the drug delivery process. Deficiency of 
hTF, as in rheumatoid arthritis. osteoarthritis, kidney failure or certain forms of 
cancer, result in Fe retention in the storage pool. This hampers red blood cells 
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production owing to the lack of Fe in bone marrow. Reduction in red blood cell 
production causes anaemia of chronic disease. A number of diseases like haemophilia, 
haemolytic anaemia, diabetes mellitus etc occur when there is heme loss in the body. 
Igs are glycoprotein molecules that are produced by plasma cells in response to 
an immunogen and which function as antibodies. It is the most abundant antibody 
class in human serum and constitutes about 80% of the total serum immunoglobulin 
(Junqueira & Carneiro 2003). It constitutes an important therapeutic protein for a 
number of malignancies and is also required for immunodiagnostic and 
immunochromato raphic purposes (Dun et al. 2012). Also, intravenous I G is a 
plasma protein replacement therapy for immune deficient patients with immune 
deficiencies and decreased or abolished antibody production capabilities. IgG 
molecule consists of two y heavy chains and two K or two ) side chains (Poljak 1991). 
There is a wide variety of respiratory problems associated with IgG subclass 
deficiency, including recurrent otitis media, sinusitis, pneumonia, chronic obstructive 
airway disease, bronchiectasis and asthma. Severely low level of IgG may render 
vaccines useless. hIgG is the most abundant antibody class in human scrum and is the 
only antibody that can pass through the human placenta, thereby providing protection 
to the fetus in utero. Also, there are 4 hIgG subclasses distinguished by difference in y 
chain sequence and numbered according to their decreasing average serum 
concentrations: IgG 1, IgG2, IgG3 and IgG4 (Azeredo et al. 2002). 
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1.13. Objectives of the present work 
The intent of this present work is to apply biophysical and microscopic methods 
to investigate the effect of organic solvents in inducing consequential alteration in 
some monomeric and multimeric proteins that are either related to hcme moiety or 
completely non-related. Cyt c was taken as monomeric heme-protein whereas HSA 
and OVA were taken as monomeric non-heme proteins. On the contrary, among 
multimeric proteins, hTF and IgG were taken as heme-reinled and non-heme proteins 
respectively. Among organic solvents that were taken for the analysis are mainly TFE 
and ACV. Besides these, FA, GA and PEG-400 were also employed. But because of 
the less significant results obtained on cyt c. this study has not been carried forward to 
hTF. The specific aims of the work are categorized below: 
Chapter I give a review of the published literature and provide an overview of 
basic concepts related to protein folding, misfolding, aggregation and their 
mechanisms, nature and toxicity of aggregates and the diseases associated 
with them. This will reveal a more practical approach to the early diagnosis of 
protein misfolding and aggregation-prone diseases and their balanced 
therapeutics. 
➢ In chapter 11, studies were carried out on the conformational states of cyt c in 
the presence of organic solvents. Destabilization caused by addition of organic 
solvent is one of the most employed strategies used for structural alteration 
resulting in protein aggregation. A systemic investigation of PEG and TFE on 
the conformational stability of cyt c as a model heme-protein was made using 
multi-methodological approach. We detected the presence of helical structure 
in aggregates of cyt c which gets transformed to p-sheet like structure after 
prolonged incubation. PEG-400 induces the formation prefibritlar oligomers 
and TFE induces proto-fibrillar structure of cyt c after 72 h incubation. 
Whereas amorphous and fibrillar aggregates of cyt c in the presence of GA 
and FA respectively. Our results showed that cyt c even after its structural loss 
is capable of performing cell lysis giving an idea why nature has selected this 
protein for apoptosis. 
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: 	In chapter III, an effort has been made to characterize the partially folded and 
aggregated states of HSA and OVA as evaluated by a number of 
complementary techniques. In the present study, ACN is used as model 
solvent for evaluating its effect on IISA and OVA as model proteins. ACN at 
high concentration destabilized the native globular fold of HSA as well as 
OVA resulting in aggregation of proteins, in which non-covalent interactions 
still remain favorable. ACN is observed to induce amyloid-like features in 
IISA which resembles proteins involved in conformational diseases. 
In chapter IV, characterization of hTF in the presence of TFE was made using 
steady state Trp and ANS fluorescence, CD, Fi'IR, SEC, rayleigh scattering, 
turbidity assay, ThT, CR, DLS and SEM. At 5% and 15`,'!o TFE, dry and wet 
MG-like states were observed respectively. TFE at 20% and onwards for 4 h 
results in hTF aggregation. On increasing the incubation time to 24 and 48 h, 
hTF at 20% TFE forms PF and AF respectively. This study is important 
because need of in vitro AF characterization arises from the fact that AF or the 
formation of AF is the causative factor in commencement of disease and/or 
progression. This study however can provide greater insight into the normal 
protein folding and evolution. Beside relationship of AF to human diseases, 
highly ordered arrangement of AF has ignited their use for nano-technology 
and other application in material sciences. 
In the last chapter, chapter V. keeping exposure conditions of ACN in mind, 
this work tries to investigate the effect of ACN in vitro on lgG from human 
and bovine by mimicking in vivo conditions. The hydrophobic probe ANS and 
ThT has been used for the characterization of MG and aggregated states, 
respectively. Other methods that have been employed in the work are steady 
state Trp fluorescence, CD and ATR-FTIR. 
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Amani S. Naeem A. Detection and analysis of amorphous aggregates and fibrils of 
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2.1. 	Introduction 
Protein misfolding and aggregation is a topic of great interest due to its 
significance in biotechnology and the occurrence of protein deposits in a variety of 
diseases. These diseases include the anlyloicloses, the most prominent 
neurodegenerative diseases like Alzheimer's and Parkinson's disease and the prior 
diseases. Protein deposits linked with diseases are characterized by high cross 1 -sheet 
content and are referred to as amyloid or mlyloici-like if they show fibrillar 
morphology (Abelien cat al. 2012). During the l nal stages of systemic amyloiclosis, 
amyloid plaques lead to dysfunction and organ rupture. Whether the mechanism of 
protein aggregation and deposition is an epiphenomenon or a cause of 
neurodegenerative diseases is a matter of debate, apart from the prion diseases where 
overwhelming experimental evidence suggests that protein deposits or their 
precursors are the infectious agents responsible for transmission of disease (Kraus et 
al. 2013; Naeem and Farili 2011; Wood et al. 2003). Revealing the mechanisms of 
protein folding is most important for describing life at molecular level (f'crorzo et al. 
2004). The pathogenesis of several neurodegenerative diseases is associated with 
protein misfolcling, aggregation and deposition which may be manifested in cell 
degeneration and loss of function of the affiectecl cells or organs. These degenerative 
disorders include poly lutamine (polyQ) tract diseases, Alrheirner's and Parkinson's 
disease and arnyotrophic lateral sclerosis etc. (C'hiti & Dobson 2006; Naeem & Fazili 
2011: Wood ct al. 2003). Chiti ct al. has reported that a number of proteins not related 
to any disease forms amyloid, in i itr0 under mild denaturing conditions, confirming 
the inherent ability of the polypeptirie to form AFs (C hiti et al. 1999). Aggregates are 
produced when folded or unfodIeel intermediates interact mainly through contact of 
their hydrophobic surfaces. turning into large. stable complexes (Jaenicke 2000; 
Turnell & Finch 1992). 
A solvent perturbation study is a good approach to evaluate the stabilizing force 
and different conformation of a protein structure. f Jere, the effect of' alcohols and 
phenolic acids on the conformation of cyt c has been investigated by varying their 
concentration. Among alcohols. PEG-400 and TFE has been taken whereas among 
phenolic acids GA and FA were taken. PEG-400 is a drug used as an excipient in 
pharmaceuticals products, as an osmotic laxative for bowel preparation and in 
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cosmetics. It causes slow release of proteins when attached to protein medications and 
is also used to treat chronic or intermittent constipation. The diacid metabolites of 
low-molecular-weight PEGs are excellent calcium chelators and can account for the 
hypercalccmia. PEG-400 metabolites also cause renal destruction (Herold et al. 
1982). TFE and its derivatives are commonly used as inhalation anesthetics. It is also 
used industrially as a solvent for nylon, as a dye and as an ingredient in anti-ulcer 
agents, anti-arrhythmic drugs etc. Toxicity of TFE has been confirmed on blood, male 
reproductive system, brain, upper respiratory tract and eyes (Zerovnik et al. 2007). It 
shifts the equilibrium from native towards denatured state and thus favouring 
aggregation and subsequent fibril formation. It also impersonate the role of 
membranes in inducing structural alterations and aggregation of protein, which make 
this type of study commendable for analyzing protein conformation. It is a very well-
known agent which induces [i-sheet to a-helix transition in various proteins. It also 
stabilizes partially folded states of proteins and can be used as promoter of amyloid 
formation (e.g. in different proteins including a-chymotrypsin). Phenolic acids like 
GA (3, 4, 5-trihydroxybenzoic acid) and its derivatives are particularly abundant in 
processed beverages such as red wine and green tea. It has a wide range of biological 
activities, including anti-oxidant, anti-inflammatory, antimicrobial, and anti-cancer 
activities (Kim et al. 2006; Madlener et al. 2007). Besides this, GA has several 
harmful implications also. It triggers contractile response and inhibits vasorelaxation 
induced by acetylcholine, sodium nitroprusside or prostacylin (Sanae et al. 2002). FA 
(4-Irydroxy-3-methoxycinnamic acid), on the other hand, is a ubiquitous phenolic acid 
in the plant kingdom. It has a protective effect in hepato-toxicity induced by drugs 
and is used as an anti-inflammatory drug in Japanese oriental medicine (Wu et al. 
1995). It is also reported to terminate free radical chain reactions and reduce the risk 
of coronary artery diseases (Bourne at al. 2000) along with many physiological 
functions, including antioxidant, antimicrobial, anti-inflammatory, anti-thrombosis, 
and anti-cancer activities. It also protects against coronary disease, lowers cholesterol 
and increases sperm viability (Srinivasan et al. 2007). Phenolic acids like FA also 
limit the ability of microbes to digest plant cell wall material and they can even be 
toxic to their growth (Borneman et al. 1986; Jung & Sahlu 1986). Both GA and FA 
shows hormesis response which is defined as a biphasic dose-response whereby low 
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doses of phenolic acids result in a given effect (antioxidant properties) and higher 
doses result in another effect (pro-oxidant properties) (Sakagami & Satolr 1997; 
Maurya & Devasagayanr 2(110). 
FA is used as the raw material for the production of vanillin and preservatives, 
as a cross-linking agent for the preparation of food gels and edible films, and as an 
ingredient in sports foods and skin protection agents (flu & Kwok 2004). On the other 
hand. GA derivatives like GA methyl ester, propyl gallate etc are often used as food 
anti-oxidant additives. Various studies have also shown that several phenolic food 
antioxidant additives can accelerate oxidative damage at high concentration in vitro to 
DNA, proteins, and carbohydrates, despite their antioxidant actions toward lipids 
(Aruoma et al. 1993). It is thus important to characterize the harmful effects of 
antioxidants upon all biological molecules. 
Cyt c is a highly conserved (-12000 Da) heme protein, consisting of 104 amino 
acids, which functions as an electron transfer media via redox reactions and plays an 
important roles in biological processes like apoptosis. It is a small electron transfer 
protein which has been used in several research works due to commercially 
availability of large amounts in relatively pure form. It consists of a single heme 
group in which the central Fe ion is six-coordinated by Four nitrogen atoms of 
porphyrin ring, and by a Met, and one His in the direction perpendicular to the 
porphyrin plane. The valence of Fe ion switches between Ft' and Fe3 ', resulting in 
reduced (ferrous) and oxidized (ferric) forms of cyt c, due to the environment of 
solution or by the action of the enzyme during electron transfer processes. It carries a 
large component of basic residues; 24 of its 104 residues are lysine, arginine, or 
histidine. At acidic pH, the compensating negatively charged residues are neutralized, 
thus enhancing the global-scale electrostatic repulsion which drives the compact 
globular protein toward a more expanded form, as under these conditions, many 
tertiary structural interactions that stabilize the native protein are lost. Horse ferricyt c 
is substantially unfolded under conditions of low salt at pH 2.0. In acidic solution 
containing high salt concentration (Ohgushi & Wada 1983) or when the charges are 
neutralized by acetylation (Ali et al. 1999); the MG state of cyt c had been observed. 
In addition to salts some alcohols have been shown to stabilize the MG state of cyt c 
at low pH (Bychkova ct al 1996). Because of its ubiquitous nature and sequence 
homology with other species, cyt c has been used as a model protein for molecular 
43 
Chapter II 
evolution (Margoliash 1963). Owing to its small size and stability, as well as the 
increasing evidence for its physiological roles in both soluble and membrane-bound 
forms, cyt c has been a subject of extensive studies in the general areas of protein 
chemistry and protein folding. It is known to be involved in a number of diseases 
including Alzheimer's and Parkinson's diseases where its over-exposure cause 
apoptosis of vital cells and hence disease (Fiskum et al. 2003). 
In the present work, we explore aspects of the formation of aggregates, prefibrils 
and PF of cyt c by PEG-400 and TFE to gain insight into the events underlying the 
structural transformation of a highly helical protein to largely n-sheet AFs. On the 
contrary, an attempt has also been made to compare the intermediates obtained in the 
presence of these alcohols. Also, conformational alterations induced by phenolic acids 
in cyt c have also been studied in this work. Because of therapeutic properties and low 
toxicity. FA is now widely used in the food and cosmetic industries and thus shows 
less damage in our studies as compared to GA. Our study shows the formation of 
amorphous aggregates in presence of GA whereas fibrils in presence of FA at 
relatively high concentration (50 mM) of these phenolic acids. This study will also 
provide information that might help to understand the molecular basis of amyloid 
diseases and a better understanding of the aggregation properties which is an essential 
step for developing diagnostic tests and therapeutic strategies. 
3.2. Materials and methods 
2.2.1. ,Materials 
Cyt c, TFE, PEG-400, ANS. ThT and CR were bought from Sigma (St. Louis, 
MO, USA); Sodium phosphates monobasic and dibasic were also purchased from 
Sigma (St. Louis, MO, USA) for making sodium phosphate buffer of pH 7. 
Stock solution of cyt c (5mg/ml) was prepared in 20 mM sodium phosphate 
buffer, pH 7.0, and it was then dialyzed in the same buffer. The concentration of 
native protein in 20 mM sodium phosphate buffer, pH 7, was determined from 
extinction co-efficient of 10.6 X 104 M-1 cm- ' by UV absorption at 410 nm on a 
Shimadzu UV-1700 spectrometer. 7 
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22.2. Aliquots preparation 
Aliquots of cvt c were prepared with varying concentration of PEG-400 from 
0%-90% v,iv (unle.ns otherwise indicated all the concentrations are expressed in 
vh) and for TEE from 0%-50%. Also, aliquots of cyt c were prepared with varying 
concentration of GA and FA from 0 to 50 mM at a gap of 5 units. After preparation, 
these aliquots were incubated for 4 h at 27°C prior to performing spectroscopic 
measurements. Three replicates for each set were analyzed for the results. Spectral 
subtraction has been performed with the help of software available in Shintndzu RF-
5301 spectrotluorophotometer. This software records the reading of blank aliquot of 
solvents (or solvent with dyes) in the absences of protein, Later signals of aliquot 
having solvent and protein were recorded- Then both these signals were subtracted 
and final subtracted spectra is presented by the software. 
2.2.3. Trp fluorescence measurements 
The 	fluorescence spectra were recorded on a 	Shimadzu RF-5301 
speetrofluorophotometer (Tokyo, Japan) in a I 	cm path length quartz cell. The 
excitation wavelength was 295 nm and the emission was recorded in the range of 300-
400 tun (Stryre 1968). Final concentration of protein in each aliquot was 16.66 µM. 
2.2.4. Acrylarnide quenching study 
In the acrylamide quenching experiments, to achieve the desired acrylamide 
concentration, aliquots of 5 M acrylamide stock solution were added to a protein stock 
solution (15 AM). Excitation wavelength was set at 295 nm to excite Tip fluorescence 
only, and the emission spectrum was recorded in the range 300-400 nm. Decrease in 
fluorescence intensity at 1"„11, was analyzed according to the Stern-Volmer equation 
(Eltink & Chiron 1982); 
Fo 
— =1+Ksv [Q] 
F 
where F9 and F are the fluorescence intensities at an appropriate wavelength in 
the absence and presence of a quencher (acrylamide), respectively, K,, is the Stem- 
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Volmer constant for the collisional quenching process, and [Q] is the concentration of 
the quencher. 
2.2.5. ANS fluorescence measureatcuts 
ANS binding was measured by fluorescence emission spectra with excitation at 
380 nm and emission was recorded from 400 to 600 run (Viatulis & Lovricn 1998). 
ANS concentration was 100 molar excess of protein concentration and protein 
concentration was 16.66 pM (Stryer 1965). 
2.2.6. Sorer absorbance spectroscopy 
The soret absorption of the heme group was monitored by a Shimadzu UV- 1700 
Spectrophotometer, using a cell of 10-mm path length (Naeem et at 2004). The final 
concentration of protein in aliquots was 16.66 tM and the recording range was 350-
710 nm. 
2.2.7. CD spectroscopy 
CD was measured with a JASCO J-815 spectropolarimeter calibrated with 
ammonium D- I 0-camphorsulfonate. Cells of path lengths 0.1 and I cm were used for 
scanning between 250-200 and 300-250 mn respectively. Each spectrum was the 
average of 4 scans for good signal to noise ratio. Protein concentration for the scans 
was 16.66 pM for far-UV and 83.3 µM for near-UV CD spectra. the results were 
expressed as MRE in deg en? drool1  which is defined as: 
Bobs (m°) 
MRE= 10X n X Cp XI 
where Oobs  is the CD in milli-degree, n the number of residues, Cp the molar 
fraction. and I is the length of light path in cm (Nacem and Khan 2004). 
2.2.8. A TR-FTIR analysis 
FTIR spectra were recorded with an Jnterspec 2020 FTIR spectrometer in 
deuterated buffer of p11 7. The samples for FTIR studies were prepared by dissolving 
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different states of cyt c in deuterated buffer. Solutions are placed between two CaF2 
windows with a spacer. Since the D,O bend vibration absorbs strongly below 1500 
cm,' the path length must be kept to a minimum, therefore sample concentrations 
must be relatively high. Cyt c concentration was 140 µM in PEG-400 and TFE 
whereas 80.5 µM1 in GA and FA incubated aliquots. The scanning wave number was 
from 1000 to 4000 cm-1 (Naeem cat al. 2011). 
2.2.9. ThT fluorescence .study 
Fluorescence spectra %\,ere recorded with a Shimadzu RF-5301 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength was 440 nm and the emission was recorded from 450-600 nm (Khurana ct 
al. 2005). For aggregation studies ThT was added to the aliquots incubated for 4 h and 
then readings were recorded after 24 h. Final concentration of protein in the aliquot 
was 16.66 pM while ThT was 83.5 µM. ThT was prepared in 20 mM sodium 
phosphate buffer, pH 7. 
2.2.10. CR a ssa v 
Absorption spectra were recorded in the range between 400-700 nm on 
Shimadzu UV-1700 spectrophotometer. Aliquots were prepared with protein 
concentration of 1 mg'rrtl in PEG-400 and TFE whereas 0.4 mg/ml in GA and FA. 60 
Erl of each aliquot is added to 440 pl of a solution containing 20 µM CR in 20 mM 
phosphate buffer and thus maintaining a ratio of 1:4 (Eisen cat al. 2006). After 2-3 min 
of equilibration, absorbance was recorded (Stathopulos et al. 2004). 
2.2. ii. .11i.sfolding and aggregation kinetics monitored bty;INS and TbT 
Time course changes accompanying c''t c mistt6lding and aggregation were 
performed by sampling aliquots of cyt c aggregation reaction at different time points. 
The fluorescent dues .INS and ThT were employed in kinetic assays to characterize 
these oligomeric and proto-fibrillar states using steady-state fluorescence techniques. 
The aggregation reaction of native cyt c (16.66 pM) was initiated by adding 90% 
PEG-400 and 50% TFF, to 20 ml solution of protein in 20 mM phosphate buffer. pH 
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7. Aliquots of I ml were taken out after different time intervals (0, 4, 6, 8, 12, 24, 48 
and 72 h) and ANS and ThT assays were performed. The spectra were corrected by 
the fluorescence of each probe in the absence of protein and normalized to the 
recorded maximum intensity of each probe during the misfolding aggregation 
reaction. 
2.2.12. Thermal denaturation of protein aggregates 
To check the thermal denaturation of GA and FA induced aggregated states, 
changes in Trp fluorescence at 340 nm measured as a function of temperature. 
Temperature was continuously varied from 30 to 80°C at a constant rate by carefully 
adjusting the heating control of the water bath. Measurements were made after 5 min 
to allow for thermal equilibration at the desired temperature. Protein concentration 
used was 16.66 µM for fluorescence studies. 
2.2.13. SCGE of the aggregated clyt c 
Isolated lymphocytes were exposed to 50 µgm of cyt c aggregates (formed after 
72 h) in a total reaction volume of 1.0 ml of 20 mM phosphate buffer pH 7. 
Incubation was performed at 37°C for 1 h. After incubation, reaction mixture was 
centrifuged at 716.8 g, supernatant was discarded and pelleted lymphocytes were 
resuspended in 100 µL of PBS and processed further for SCGE. SCGE of aggregated 
protein was performed under alkaline conditions by the procedure of Khan et al. 
(2012). 
2.2.14. SEW analtsis 
Aggregates were prepared by taking 10 mg/ml of cyt c in 90% PEG-400 and 
50% TFE separately and incubating it for 72 h. GA and FA induced aggregates were 
prepared incubating 10 mg/ml cyt c with 50 mM GA and FA separately. SEM 
analysis of the surface and cross-section of air dried aliquots of cyt c aggregate was 
perfonned with JSM-6510 LV scanning electron microscope (JEOL, Japan). The 
aliquots were mounted on carbon tape coated stainless steel grids operating on an 
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accelerating voltage of 7 KV for PEG-400, 5 kV for TFE and 15 kV for GA and FA 
incubated cyt c. Gold plating of the aliquots were done for a clearer image. 
2.2.15. ,YRD study 
Aggregated cyt c was prepared by taking 2 mg;ml cyt in 90% PEG-400 and 50% 
TFE separately and incubating it for 72 h. After incubation, the protein was air dried 
to remove solvents. The studies were carried out using a Rigaku X-ray-powder 
diftractometer with Cu anode (Cu- Ku radiation i.=1.54136 A) in the range of 20° < 
20 < 80 at 30 kV. Position of the peaks, intensities, widths and shapes all provide 
important information about the structure of the material. 
2.3. Results 
2.3.1. PEG-400 and TEE induced ennfori►tatinlua! changes 
2.3.1.1. Trp fluorescence measurements 
Horse cyt c has a single '1'rp residue at position 59; hence the most sensitive 
method of monitoring the gross conformational changes in this protein is to study the 
Trp fluorescence (Stryer 1968). The fluorescence of PEG-400 and TFE alone were 
taken into account and here we report the subtracted fluorescence spectra. Fig. 9 (a) 
summarizes the result of PEG-400 and TFE induced contbrmational changes in native 
cyt c at pH 7. Native cyt c shows maximum fluorescence intensity at 340 nm (curve 
I ). Here much diminished fluorescence was observed owing to the close proximity of 
Trp59 to heme group resulting in efficient fluorescence quenching. On incubating 
with 60° o (curve 2) and 90% (curve 3) PEG-400; cyt c shows a hypsochromic blue 
shift of 19 and 15 nm respectively, accompanied with an enormous increase in 
fluorescence. On the other hand, cyt c at 40% o TFE (curve 4) showed a blue shift of 10 
nm with enhanced fluorescence. Afterwards, negligible increase in fluorescence was 
observed up to 50% TFE (curve 5) indicating saturation in fluorescence. This was 
accompanied with red shift of 5 nm relative to intermediate state giving the idea of 
exposure of Trp residues towards polar environment. Relative Trp fluorescence of cyt 
c in presence of PEG-400 up to 20° o concentration showed higher intensity as 
compared to TFE. Beyond this, at higher concentration a remarkably enhanced Trp 
fluorescence was observed in I FE than PEG-400 (Fig. 9 (h)). 
Chapter 11 
800 
700 
600 
v "' 	500 
r:. 
400 
300 
200 
100 
I1 
3 
1 
300 	320 	340 	360 	380 
	
400 
\W av elen„ tlh (nm) 
Fig. 9 (a): Trp fluorescence studies. Emission spectra of cyt c in 20 mM sodium 
phosphate buffer, pH 7.0 (curve 1); in the presence of 60% (curve 2) and 90% (curve 
3) PEG-400; in the presence of 40% (curve 4) and 50% TFE (curve 5). The 
fluorescence intensity measurement was carried out at an excitation wavelength of 
295 nm. Protein concentration was 16.66 µM and the path length was 1 cm. 
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Fig. 9 (b): Trp fluorescence studies. Relative Trp fluorescence intensity of cyt c as a 
function of varying concentration of PEG-400 ( • ) and TFE (•). The fluorescence 
intensity measurement was carried out at an excitation wavelength of 295 nm. Protein 
concentration was 16.66 pM and the path length was 1 cm. Error bars indicate the 
mean ± standard deviation (n=3 
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2.3.1.2. Ac•rylamirle quenching study 
To rule out the possibility of fluorescence quenching due to Trp residues, later 
were subjected to quenching by uncharged molecules of acrylamide (Caramelo et al. 
2003) after incubation of cyt c with either PEG-400 or TFE. Fig. 10 shows Stern-
Volmer plots of free and unbound model compound NATA and Trp59 of cyt c in the 
presence of 90% PEG-400 and 50% TFE. The quenching data analyzed from Stern-
Volmer plot are shown in Table 3. Quenching experiment on native cyt c showed 
diminished fluorescence because the close proximity of Trp59 to heme group results 
in efficient fluorescence quenching via FRET mechanism. Owing to very weak 
signals curve of native cyt c has not been plotted. Owing to very weak signals curve 
of native cyt c has not been plotted. Acrylamide quenching of Trp analogue NATA 
alone shows maximum Stern-Volmer constant (K,..) value indicating maximum 
quenching. Acrylamide quenching of cyt c in the presence of 90% PEG-400 and 50% 
TFE (after 4 h incubation) results in shift of X,, from 340 to 332 and 345 nm 
respectively. KS„ for acrylamide quenching was round to decrease with aggregation of 
protein. Larger decrease was observed in TFE induced aggregates formed after 72 h 
incubation in comparison to PEG-400 suggesting more potency of TFE to induce 
aggregation. This decrease may be due to decreased accessibility of Trp to solvent 
owing to aggregation. 
2.3.1.3. ANS fluorescence measurements 
Hydrophobic interaction of ANS with protein is one of the extensively used 
methods for characterizing partially folded state. The fluorescence of PEG-400 and 
TFE alone were taken into account and here we report the subtracted fluorescence 
spectra. Fig. 11 (a) shows ANS fluorescence emission spectra of cyt c at pH 7 in the 
presence of varying concentration of PEG-400 and TFE. Native cyt c showed 
negligible ANS binding (curve 1). The maximum ANS emission intensity (— 6 times) 
with a blue shift of 10 nm was observed at 60% PEG-400 (curve 2). With further 
increase in concentration of PEG-400, there is a slight decrease in fluorescence 
intensity of cyt c with a 20 nm blue shift relative to native at 90% PEG-400 (curve 3). 
On the other hand, when cyt c was incubated with TFE, maximum fluorescence was 
observed in cyt c at 40% TFE (-3 times of native) along with a blue shift of 13 nm 
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Fig. 10: Stern-Volnier plots for acrylamide quenching of Trp fluorescence of cyt 
c. cyt c at 90% PEG-400 (0) and 5000 TFE (o) and NATA alone (A) after 4 h 
incubation: cyt cat 9000 PEG-400 (•) and 50% TFE (•) after 72 h incubation. Values 
shown are the ratios of fluorescence in the absence of acrylarnide (FO) to the 
fluorescence at that concentration of quencher (F). 
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Table 3: Acrylamide-quenching parameters of cyt c in different states. The 
excitation wavelength was 295 nrn. 
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Fig. 11(a): ANS fluorescence studies. Emission spectra of native cyt c (curve 1); cyt 
c in the presence of 6O°o (curve 2) and 90% (curve 3) PEG-400; in the presence of 
40% (curve 4) and 50% TFE (curve 5). The protein concentration, path length and 
excitation wavelength was 16.66 µtit. 1 cm and 380 nm respectively. 
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(curve 4). The spectra also shows -2 times enhancement in ANS fluorescence when 
cyt c is incubated at 50% TFE (curve 5). In view of the fact that ANS bind to 
hydrophobic patches of protein, binding of ANS to hydrophobic regions of cyt c has 
been widely used to study the folding intermediates formed during this heme protein 
unfolding. Similarly, at 90% PEG-400 and 50% TFE, the hydrophobic patches of this 
heme-protein get buried between the protein molecules causing less ANS 
fluorescence and thus confirming the formation of aggregates. This state at 90% PEG-
400 and 50% TFE can be regarded as aggregated state. Comparative to this, TFE 
shows higher ANS fluorescence than PEG-400 up to 351"0 and beyond this, there is a 
(lip in fluorescence up to 50% concentration (Fig. 11 (b)). However, PEG-400 shows 
maximum ANS fluorescence at 60% followed by a decline at 70% with further 
increase up to 90%. 
2.3.1.4. Soret absorbance spectroscopy 
Soret spectra of cyt c are derived from the interaction between the electronic 
transitions in the heme and the protein motions in the heme pocket and are sensitive to 
the environment. Contribution of PEG-400 and TFE alone to the absorption spectra 
was taken into account and we report here the subtracted absorption spectra. Herne Fe 
of native cyt c is axially ligated by two strong field ligands, His 18 and Met8O to yield 
a six coordinated low spin form. Soret absorption at 410 nm (Fig. 12 (a)) in native cyt 
c indicates a strong-field low-spin state of the heme Fe (curve 1). In the Q band region 
(Fig. 12 (b)) a weaker band was observed at 528 tun (curve 1) similar to the results 
obtained by Wiederkehr et al. (2009). These hands are credited to the transition of the 
it electrons in the porphyrin. A weak charge transfer hand due to electronic transitions 
at 695 nm is assigned to the S (of Met-80) --► Fe-ligation (Wilson & Greenwood 
1996). In the presence of 60% PEG-400 (curve 2), the soret band shows a blue shift of 
8 nm corresponding to native protein. Blue shift in the soret band indicates that the 
gap between it and it increases in the porphyrin molecule and ultimately resulting in 
its stabilization (Khare el al. 2006). Also, Q band splits up into two bands at 520 and 
545 nm similar to those observed in reduced cyt c (Mendes 1996). This shift in the Q-
hand specifies a conforrnational change mainly in the hydrophobic heme-binding 
pocket of cyt c. This change is accompanied with disappearance of the peak at 695 
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Fig. 11 (h): ANS fluorescence studies. Relative ANS fluorescence intensity of cyt c 
as a function of varying concentration of PEG-400 (•) and TFE (•). The protein 
concentration, path length and excitation wavelength was 16.66 PM, 1 cm and 380 
nm respectively. Error bars indicate the mean ± standard deviation (n= 3). 
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Fig. 12 (a): Soret absorption spectra. Cyt c in the presence of increasing 
concentration of PEG-400 and TFE in phosphate buffer, pH 7.0. Native cyt c (curve 
1), in the presence of 60% (curve 2) and 90% (curve 3) PEG-400; in presence of 40% 
(curve 4) and 50% TFE (curve 5). Cyt c concentration and wavelength range was 
16.66 jtM and 350-710 nm respectively. Path length was I cm. 
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Fig. 12 (h): Q-band spectra. Cyt c in the presence of increasing concentration of 
PEG-400 and TFE in phosphate buffer, pH 7.0. Native cyt c (curve 1). in the presence 
of 60% (curve 2) and 90% (curve 3) PEG-400', in presence of 40% (curve 4) and 50°,a 
TFE (curve 5). Cyt c concentration and wavelength range was 16.66 pM and 350-710 
nm respectively. Path length was 1 cin. 
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nm. In the presence of 90% PEG-400 (curve 3), soret as well as Q band shows a blue 
shift towards 395 and 498 nm respectively and a new band emerges at 620 nm 
indicating high spin state of the home-protein. Similarly in the presence of 40% TFE 
(curve 4), 5 nm blue shift in soret band and splitting of Q hand at 522 and 544 nm was 
observed. At 50% TFE (curve 5), the conformational changes in the polypeptide are 
indicated by a blue shift towards 397 and 500 nm respectively in both the soret and Q 
band with the appearance of a new band at 630 nm corresponding to high spin state of 
the heme-protein (Gong et al. 2003). 
2.3.1. S. CI) measurenlents 
CD spectroscopy provides information on protein secondary and tertiary 
structure. The absorption of PEG-400 and TFE alone were taken into account and 
here we report the subtracted spectra. 
Far-UV CD spectra (Fig. 13 (a)) of native cyt c (curve 1) display minima at 208 
and 222 urn, indicative of the expected a-helical structure in which the 222 nm 
dichroic band is predominantly associated with a-helical n-;t* amide transitions, and 
the negative minimum around 208 nm is the dichroic band corresponding to the t-1t* 
amide transition (Myer 1968). Cyt c at 60% PEG-400 (curve 2) shows decrease in 
negative minima corresponding to structural feature of a-helix, signifying its 
resemblance with native. Further addition of PEG-400 showed increase in negative 
\-IRE at 90% (curve 3) indicating that after an initial drop, it induces a-helical 
conformation in cyt c (Arunkumar et al. 1997a). On the other hand, addition of 40% 
TFE (curve 4) shows less intense negative minima at 208 and 222 nm suggestive of 
a-helical structure similar to native. At 50% TFE (curve 5) cyt c shows minima peaks 
of a-helical structure, with, the prominent peak at 222 nm and loss of MRE at 208 nm 
indicating that this state has more chances to form -sheet structure with further 
incubation (Arunkumar et al. 1997b). Further, on performing kinetic studies on both 
of these states no prominent changes were observed at 24 and 48 h. After 72 h 
incubation, 90% PEG-400 induces structural transition from cx-helix to [i-sheet in cyt 
c as was revealed by a prominent peak at 220 nm (curve 6). Appearance of a new 
peak at 219 nm in cyt c at 50% TFE was observed at the expense of the peak at 208 
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nm signifying the presence of (i-sheet conformation (curve 7). However n-sheet 
content was greater in 50001  FE as compared to 90"'o PEG-400. 
Near-UV CD is a probe for protein tertiary structure changes that affect the 
environment of aromatic side chains. I lorse cyt c contains four Phe residues, four Tyr 
residues, one Trp, and two thlo-ether bonds, all of which can potentially contribute to 
the near-UV CD spectrum. Unfortunately. the interpretation of this region of the CD 
spectrum is further complicated by the optically active heme transitions that occur 
between 240 and 300 nm (Urry 1967). Fig. 13 (b) shows the near-UV CD spectra of 
cvt c with varying concentration of PEG-400 and TFE. A broad positive CD band at 
250-270 nm and two negative hands between 280 and 290 nm were observed in native 
cyt c (curve 1). The positive band has been attributed to the transitions in heme 
(Blauer et al. 1993) whereas negative bands are assigned to the Trp59 side chain 
which has been confirmed by their disappearance in a mutant where Trp59 is replaced 
by Phe (Davies et al. 1993). In the presence of 60% PEG-400 (curve 2), both these 
negative bands decrease in intensities and the positive band become more narrow but 
less intense (-0.5 times) than native, giving maximum intensity around 260 nm. It 
suggests that state achieved at 60% PEG-400 has traces of tertiary. Some traces of 
tertiary structure may remain in the neighbourhood of the heme leading to its near-UV 
CD spectrum. At 90% PEG-400 (curve 3), negative band practically disappear 
confirming complete structural loss. In TFE incubated cyt c. NIG has been achieved at 
40°% TFE (curve 4) showing low intensity positive band around 250 nnl. Further, 
incubation at 50% TFE (curve 5) showed formation of' aggregated state having no 
prominent intensity. Moreover upon incubation of these aggregated states for 72 h, 
both 90% PEG-400 (curve 6) and 50% TFE (curve 7) showed complete loss of 
negative HIRE with a simultaneous increase in positive peak around 290 nm. 
2.3.1.6. A T R-F'TIR analysis 
Infrared spectroscopy is one of the oldest and well established experimental 
techniques for the analysis of secondary structure of polypeptide and proteins. Fig. 14 
shows the I-TIR spectra of cyt c with varying concentration of PEG-400 and TFE. Cyt 
c shows a major peak at 1657 cm' under native condition (curve I) confirming its u-
helix conformation (Doug et al. 199X). In the presence of 60% PEG-40O (curve 2) and 
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Fig. 13 (a): Far-UV CD spectroscopy. Cyt c in the presence of PEG-400 and TFE in 
20 mM sodium phosphate buffer, pH 7.0. Curve 1 represents native cyt c. cyt c in 
presence of 60% (curve 2) and 90% (curve 3) PEG-400; cyt c in presence of 40% 
(curve 4) and 50% TFE (curve 5); cyt c at 90% PEG-400 (curve 6) and 50% TFE 
(curve 7) after 72 h incubation. Cells of path lengths 0.1 were used for scanning 
between 250-200 nm and the protein concentration was 16.66 µM. 
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Fig, 13 (b): Near-UV CD spectroscopy. Curve I shows native cyt c, cyt c in 
presence of 60% (curve 2) and 90% (curve 3) PEG-400; cyt c in presence of 40% 
(curve 4) and 50% TFE (curve 5); cyt c at 90% PEG-400 (curve 6) and 50% TFE 
(curve 7) after 72 h incubation. Path length was I cm, scanning range was 300-250 
nm and the protein concentration was 40 NM. 
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Fig. 14: ATR-FTIR analysis. Spectra in the amide I region of native cyt c (curve 1), 
in presence of 60°0 (curve 2) and 90% (curve 3) PEG-400; in presence of 40% (curve 
4) and 50% TFE (curve 5); cyt c at 50% TFE after 72 h incubation (curve 6). Protein 
concentrations in the aliquots were 16.66 µM. 
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40% TFE (curve 4), this peak shifts to 1651 and 1653 cm' respectively, also ascribed 
to a-helical conformation. This confirms the retention of a-helical conformation as 
that of native structure, FT[R spectra of cyt c solution show a turbid appearance at 
90% PEG-400 (curve 3) and show its peak at 1651 cm indicating again, u-helical 
conformation. On 72 h incubation, cyt c at 90% PEG-400 shows the emergence of (3-
sheet specific peak (1620 cm') signifying the fact that conformational transition has 
been taking place. Cyt c in presence of 50% TFE (curve 5) shows its maxima peak at 
1653 cm' which shifts to 1635 cm, after 72 h incubation (curve 7). confirming a-
helix to (3-sheet transition. In conformity with CD results, our FfIR data showed 
higher n-sheet content in 50% TFE compared to 90% PE6-400 induced aggregates 
after 72 It incubation. 
Thus, it can be concluded that at 60% PFG-400 and 40% TFF, cyt c exists as 
MG state with the retention of a compact secondary and traces of tertiary structure, 
enhanced hydrophobic surface area and thus enhanced ANS fluorescence, altered Trp 
environment low spin state comparable to native. 
Further, to confirm existence of aggregated stales aggregation studies were 
carried out. 
2.3.1.7. TIT assay 
ThT molecule consists of a pair of benzothiazole and benzaminic rings freely 
rotating around a shared C—C bond (Dzwolak & Pecul 2005). ThT behaves as a rotor 
molecule; it is believed that the increase in quantum yield upon binding results from 
the inhibition of this free rotation of the rings. The fluorescence of PEG-400 and TFE 
alone were taken into account and here we report the subtracted fluorescence spectra. 
Fig. 15 {a), shows the relative ThT fluorescence of cyt c in the presence of varying 
concentration of PEG-400 and TFE, Maximum intensities were observed in the 
aliquots having utmost quantity of the organic solvent i.e. 90%,. PEG-400 and 50% 
TFE. This result indicates the aggregate formation at these concentrations, hence 
increased ThT fluorescence compared to native cyt c. 72 h incubation results an 
abrupt increase in ThT fluorescence after binding with specific l3 sheet structure in 
65 
Chapter II 
90% PEG-400 and 50% TFE confirming the conversion of a-helix to n-sheet 
structure. 50% TFE shows higher fluorescence compared to PEG-400 signifying 
higher [i-sheet content in the former case. Also PEG-400 after 4 h incubation at 50% 
shows fluorescence around 12.5 times of the native cyt c (Fig. 15 (b)) and TFE shows 
maximum fluorescence at similar concentration which is approximately 5 times of the 
native. 
2.3.1.8. CR assay 
Abnormal protein aggregate associated with various pathologies is commonly 
detected in tissue with CR. It is also used to monitor amyloid formation in vitro. After 
ThT, aggregates of cyt c were further confirmed by CR dye as it is more specific and 
sensitive for amyloid detection. The absorption of PEG-400 and TFE alone were 
taken into account and here we report the subtracted absorption spectra. Native cyt c 
showed peak at 491 nm (Fig. 16). In the presence of 90% PEG-400 a red shift of 19 
nm; i. e. X,,,,r at 510 nm and at 50% TFE, red shift of 12 nm accompanied with 
enhancement in the absorbance was observed, i.e. km,x at 503 nm. The interaction 
between CR and protein is due to the electrostatic interaction between the negatively 
charged group of CR and positively charged amino acids of protein. 
2.3.1.9. Misfolding and aggregation kinetics monitored by 1NS and ThT 
Time course changes accompanying cyt c aggregation were studied to elucidate 
better fluorescence signals of the probes depending on the conformational state of the 
protein. This analysis can potentially allow us to discriminate between protein 
oligomers and larger aggregates. Before initiation of the aggregation reaction, cyt c 
shows almost negligible ANS (Fig. 17 (a)) and ThT fluorescence (Fig. 17 (b)). The 
ANS fluorescence of cyt c, in the absence of either PEG-400 or TFE, is minor and is 
completely silent for ThT. With increase in time period there is an increase in ANS 
fluorescence at 4 lirs but later gradual increase in fluorescence takes place with pre-
fibril and PF formation. "l'h"I' showed a very prominent increase in fluorescence upon 
binding with aggregates at 72 h. 
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Fig. 15 (a): ThT fluorescence study. Relative'I'h'F fluorescence ot'cyt c as a function 
of \'arvin2 concentration oot' P1:G-40O (•) and 'I'I F (•) incubated for 4 h and PEG-400 
(0) and 'I'FE (o) incubated for 72 h. Protein concentration V as 16.66 µM and scanning 
range was 4.50-600 nm. Frror bars indicate the mean ± standard deviation (n-3). 
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Fig. 15 (h): ThT fluorescence study. ThT spectra of cyt c in the presence of 90% 
PEG-400 (•): 500/01'  FE (•) and native cyt c ( ■ ). Protein concentration was 16.66 
pM and scanning range was 450-600 nrn. Error bars indicate the mean ± SD (n = 3). 
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Fig. 16: CR assay. CR absorption spectra of native cyt c (curve 1) in 20 mM sodium 
phosphate buffer, p11 7: in the presence of 90% PEG-400 (curve 2) and 50% I FE 
(curve 3). The protein concentration was 4 µ\1. The absorption spectra were recorded 
from 400-700 nm. 
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Fig. 17 (a): Aggregation kinetics. Kinetics of cyt c aggregation by PEG-400 (•) and 
TFE (0) followed by ANS. Aliquots of the aggregation reaction were withdrawn and 
assayed after different time intervals. The concentration of protein in each aliquot was 
16.66 µM. Error bars indicate the mean ± SD (n = 3). 
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Fig. 17 (h): Aggregation kinetics. Kinetics of cyt c aggregation by PEG-40O (•) and 
'I'1 E (•) followed by ThT. Aliquots of the aggregation reaction were withdrawn and 
assayed after different time intervals. The concentration of protein in each aliquot was 
16.66 µ1e1. Error bars indicate the mean ± SD (n = 3). 
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2.3.1.10. SCGE of aggregated crt c 
Nuclear DNA damage in lymphocytes by aggregated cyt c in the presence of 
90% PEG-400 and 50% TFE incubated for 72 It has been shown in Fig. 18 (a) and (b) 
respectively. Negative control (without any treatment) and positive control (3 ml of 
methyl methane sulfonate (25 mgiml)) treatments were also performed. Aggregated 
cyt c caused a significant damage to lymphocytes in vitro and thus shows its 
genotoxic potential. When aliquot having aggregated cyt c were added to 
lymphocytes, it causes nuclear DNA breakage of about 9 pm tail lengths in cyt c at 
90% PEG-400 and 13 µm in cyt cat 50% TFE incubated for 72 h compared to 4 urn 
tail length of negative control as well as 20 µm tail lctrgllt of positive control 
treatment. Fig. 18 (c) depicts the image of negative control (without any treatment) of 
lymphocytes and bar graph of tail lengths has been shown in Fig. 18 (d). 
2.3.LIl. SEM analysis 
SEM is used for inspecting topographies of materials with a magnification range 
that encompasses that of optical microscopy and extends it to the nanoscale. Fig. 19 
(a) and (b) shows the SEM images of cyt c at 90% PEG-400 and 50% TFE incubated 
for 72 h separately. Cyt c at 50% TFE showed the branched morphology resulting in 
the formation of PFs structure. Cyt c at 90% PEG-400 showed bead like structure 
indicating existence ofpre-ftbrillar oligomers. 
2.3.1.12. XRD study: 
XRD of cyt c incubated at 90% PEG-400 and 50% TFE for 72 h is shown in 
Fig. 20 (a) and (b) respectively as a plot of scattering intensity as a function of 
scattering angle 20. Cyt c in the presence of 90% PEG-400 exhibited a strong peak 
around 36° and 3 small peaks at 20 of 43, 64 and 77° (Fig. 20 (a)). Cyt c at 50% TFE 
after 72 h of incubation depicted a prominent peak with high intensity at 20 of 36° 
and 3 small peaks at 42, 63 and 77° (Fig. 20 (b)). 
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Fig. 18: SCGE assay. Images of lymphocyte nuclei damage (a) In presence of cyt c 
aggregates formed in the presence of 90% PEG-400: (b) in presence of cyt c 
aggregates by 50%T1FE and (c) in presence of negative control after 72 h incubation. 
(d) Lymphocyte DNA breakage in negative control (NC'). treated by cyt c at 90% 
PEG-400 (Al). cyt c at 50% T1 'E (A2) and treated by 3 µl of methyl methane 
sulfonate (~5 pg/ml) as positive control (PC) after 72 h. Protein concentration was 50 
µg. Error bars indicate the mean ± SL) (n — 3). Protein concentration was 50 µg. 
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Fig. 19: SEM analysis. Image of cyt c at 90% PEG-400 (a) and 50% TFE (b) after 72 
h incubation. Concentration of cyt c was 10 mg/ml. 
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Fig. 20: XRD pattern. XRD diffractogram of cyt c upon incubation at 90% PEG-400 
(a) and 50% TFE (b). 7'he X-ray diffraction pattern of cyt c with PEG-400 and TFE 
was recorded at room temperature using a Rigaku Miniflex X-ray diffractomeler in 20 
ranging from 20° to 50°. The protein concentration was 2 mglml_ 
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2.3.2. GA and FA induced conformational chatrges 
2.3.2.I. Fluorescence measurements 
Horse cyt c has a single Trp residue at position 59; hence the most sensitive 
method of monitoring the gross conformational changes in this protein is to study the 
Trp fluorescence (Naeem & Khan 2004). Fig. 21 (a) represents intrinsic fluorescence 
spectra of cyt c in the presence of varying concentration of GA and FA. Native cyt c 
shows its maximum fluorescence at 341 nm. With increasing concentration of 
phenolic acid (5-50 mM), enhancement in the fluorescence intensity was observed. 
Maximum fluorescence intensity (-21 times of native) with a blue shift of 3 run was 
observed at 45 mM GA. Beyond this concentration, there is a decline in Trp 
fluorescence reaching minimum (-16 times of native) at 50 mM concentration with 
12 am red shift (Naeem et al. 2011). On the contrary, FA did not show any such 
inclination/declination pattern. With the addition of FA there is a steady increase in 
fluorescence till 50 mM. The fluorescence of ANS is a valuable probe for the 
detection and analysis of conformational changes in proteins and in the studies of 
biological membranes (Schonbrunn et al. 2000). Fig. 21 (b) and (c) show the ANS 
fluorescence spectra of GA and FA respectively. Native cyt c shows a ?-,n„ at 500 rim 
(curve 1). Addition of varying concentration of GA results a continuous increase in 
ANS fluorescence (curve 2-8) reaching maximum (-4 times of native) at 45 mM GA 
(curve 9) along with a blue shift of l0 am. This increase may be due to the exposure 
of hydrophobic clusters to the solvent. Thus, this state can be characterized as PUI. 
But with further addition of GA there is a sharp decline in fluorescence reaching 
minimum (-0.9 times of native) at 50 mM (curve 10). On the other hand, PA shows a 
continuous increase in ANS fluorescence till 10 mM (curve 3) but beyond this it 
shows a constant reduction (curve 4-9) in fluorescence approaching minimum (-0.3 
times of native) at 50 mM concentration (curve 10) with a significant 
hypsochromic/blue shift of 30 ran. Fig. 21 (d) shows the relative intrinsic and 
extrinsic fluorescence intensity of cyt c as a function of varying concentration of GA 
and FA. This figure clearly shows higher intrinsic fluorescence intensity in protein 
aliquots incubated with GA in comparison to FA. Initially GA shows slightly higher 
Trp fluorescence up till 25 mM followed by a prominent increase in its fluorescence 
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Fig. 21 (a): Trp fluorescence studies. Trp fluorescence emission spectra of native 
cyt c in 20 mM sodium phosphate buffer, hl 1 7.0 (curve I); cyt c in the presence of 45 
mM and 50 mM GA (curve 2 and 3); 45 mM and 50 mM FA (curve 4 and 5). The 
fluorescence intensity measurement was carried out at an excitation wavelength of 
295 nun. Protein concentration in the aliquot was 16.66 µM and path length was 1 cm. 
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Fig. 21 (b): ANS fluorescence studies. ANS fluorescence emission spectra of native 
c}t c (curve 1) in 20 mM sodium phosphate buffer, pH 7: in the presence of -10 inM 
(curve 2-3) and 20-50 mM GA (curve 4-10). The excitation wavelength was 380 nm 
and emission wavelength range was 400-600 nm.. Protein concentration in the aliquot 
was 16.66 i 1 and path length was l cm. 
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Fig. 21 (c): ANS fluorescence studies. ANS fluorescence emission spectra of native 
evt c (curve 1) in 20 nAl sodium phosphate buffer. pH 7; in the presence of 5-10 m`1 
(curve 2-3) and 20-50 mM (curve 4-10) FA. The excitation wavelength was 390 nm 
and emission wavelength range was 400-6( ) nnm.. Protein concentration in the aliquot 
was 16.66 pM and path length was I cm. 
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Fig. 21 (d): Relative fluorescence. Relative Trp fluorescence of cyt c in presence of 
GA (4) and FA (•); Relative ANS fluorescence intensity of cyt c in presence of GA 
(0) and FA (o) as a function of their concentration. The excitation wavelength was 
295 and 380 nm for Trp and ANS fluorescence respectively. Protein concentration in 
the aliquot was [6.66 µM and path length was Icm. Error bars indicate the mean f 
SD (n = 3). 
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(-2 limes) compared to FA. After attaining maximum at 45 mM, GA shows a 
negligible decline in Trp fluorescence with further increase in concentration i.e. at 50 
mM. This decline maybe due to the formation of aggregates at higher concentration. 
At lower concentrations, higher ANS fluorescence in the aliquots incubated with FA 
indicates that it has more capability than GA to cause protein modification as a result 
of which more hydrophobic patches gets exposed and results in enhanced 
fluorescence. But this ability decreases with increasing concentration and ultimately 
at 45 mM concentration. GA has 10 times higher capability for inducing 
conformational change relative to FA. 
2.3.2.2 Smrt absorbanee spectroscopy 
A single heme moiety in cyt e in the native form is covalently attached to it 
polypeptide chain by two thioether bridges. The heme Fe is axially coordinated with 
two strong-field ligands, His18 and MetSO. "The IIV-Vis absorption spectrum of 
native cyt c displays the characteristic soret band at 410 mn originating from the 
porphyrin chromophore (Fig. 22). Sorel absotption at 410 um indicates a strong-field 
low-spin state, 6cLS (6 coordinated low spin), of the heme Fe (Gong ei at 2003). In 
the presence of 45 mM GA, spectra shows a blue shift of 6 nm with an enhanced 
absorbance of about 5 times. On the other hand, in the presence of 50 mM GA and 
FA, soret spectra show a blue and a red shift of 15 and 7 nm respectively. Here, 
aggregation of protein is accompanied with hyperchroisnr. 
2.3.2.3. Secondary structure measurements 
I 	CD is used to study various aspects of protein folding. Study in the far-UV 
region can be used to evaluate quantitatively the secondary structure of protein and 
thus can serve as characteristic fingerprint of the native stnueture. Minima peak of 
native cyt c was observed at 208 and 222 nm indicating a-helix like conformation of 
cyt c (Bychkova et at 1996) (Fig. 23 (a)). Addition of 5 mM GA and FA separately 
to cyt c results a breakdown in secondary structure as is depicted by nonappearance of 
any prominent minima peak in GA as well as FA. With further addition of GA and 
FA to cyt c up to 50 mM no signals were detected, signifying that complete loss of 
secondary structure has taken place. 
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Fig. 22: Soret absorption. Soret absorption spectra of cyt c in the presence of 
increasing concentration of GA and FA in phosphate buffer. pH 7.0. Native cyt c in 
20 mM sodium phosphate buffer, p11 7 (curve 1); in the presence of 45 mM (curve 2) 
and 50 mM (curve 3) GA and in the presence of 50 mM FA (curve 4). 
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Fig. 23 (a): Far UV CD spectroscopy. Far UV CD spectra of native cyt c in 20 mM 
phosphate buffer (curve 1); in the presence of 5 mM GA (curve 2) and 5 mM FA 
(curve 3) (inset). The spectra were recorded between 200-250 nm. The protein 
concentration was 16.66 t\i and the path length was 0.1 cm. 
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FTIR spectroscopy is recognized as a valuable tool for the examination of protein 
conformation in deuterated forms, resulting in its expanded use in studies of protein 
secondary structure and protein dynamics. Cyt c shows its peak at 1657 cm1 
indicating its a-helical conformation in native state (Fig. 23 (b)). Surprisingly, when 
cyt c was incubated with either GA or FA, absence of any peak in FTIR confirms 
complete structural loss in PUI as well as aggregated states. This result is in 
conformity to the results observed in far UV CD analysis. Thus, from this study it can 
be concluded that PUI observed at 45 mM GA and aggregated state at 50 mM GA and 
FA lack any prominent secondary structure. 
2.3.2.4. Aggregation studies 
ThT fluorescence is a well-known test for AF formation in diseases associated 
with turbulence in protein folding, such as type }1 diabetes, Parkinson's and Prion 
disease. ThT spectra of cyt c incubated with varying concentration of GA and FA for 
4 h were recorded after addition of ThT to them. When spectra were recorded for 
aliquots incubated for 24 h with ThT, cyt c incubated with 50 mM GA and FA 
separately showed prominent fluorescence intensity peak suggesting cyt c 
aggregation. Aliquots other than these two also show a slightly higher intensity 
compared to control but the maximum intensity was observed in the above two cases. 
In the native state cyt c shows a very less ThT binding indicating the absence of J3-
sheet conformation. With the exception of anomalies at initial concentrations, addition 
of higher concentration (20 mM or above) of either GA or FA result in an increase in 
ThT fluorescence giving the idea of aggregate formation (Fig. 24 (a) and (b)). 
Although aggregation was initiated at 40 mM GA and 35 mM FA, maximum ThT 
fluorescence was observed at 50 mM GA (-4.6 times of the native) and 50 mM FA 
(-3.9 times of the native) indicating that maximum aggregate of cyt c. Although up 
to 35 mM concentrations, FA shows more ThT fluorescence intensity relative to GA 
but at 40 mM concentration and above. GA shows an abrupt increase in fluorescence 
thereby surpassing the fluorescence intensity given by FA at the same concentration 
(Fig. 24 (c)). Thus, data obtained in ThT analysis of cat c in the presence of GA and 
F~\ suggests that GA has got more potential to induce aggregate formation in 
comparison to FA at 50 mM concentration. 
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Fig. 23(b): ATR-FTTR analysis. ATR-FTIR spectra in the amide 1 region for native 
cyt c in 20 mM sodium phosphate buffer, p1l 7 (curve I); in the presence of 45 mM 
(curve 2) and 50 mM (curve 3) GA and in the presence of 50 mM FA (curve 4). 
Protein concentration was 80.5 µM. 
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Fig. 24 (a): ThT fluorescence study. ThT emission spectra of native cyt c (curve 1); 
in the presence of 5-10 mM (curve 2-3) and 20-50 mM GA (curve 4-10). The protein 
concentration was 16.66 µM, 	440 nm and path length 1 cm. 
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Fig. 24 (b): ThT fluorescence study. ThT emission spectra of native cyt c (curve 1); 
in the presence of -I0 mM (curve 2-3) and 20-50 mM FA (curve 4-10). The protein 
concentration was 16.06 IM, excitation wavelength was 440 nm and path length was 
Icm. 
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Fig.24 (c): Relative ThT fluorescence. Relative ThT fluorescence intensity of cyt c 
as a function of increasing concentration of GA (t) and FA (•). The protein 
concentration was 16.66 µM, k~, 440 mm and path Length t cm. 
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resence of aggregates was further confirtned by CR analysis (Fig. 24 (d)). Native cyt 
c shows maximum fluorescence at X,,,,, 489.5 nm but the presence of phenolic acid 
results in a red shift of "n., n . In the presence of 50 mM GA, the peak shifts to 525.5 
nm with -2.62 times increase in fluorescence compared to native. On the other hand, 
addition of 50 mM FA results in the peak shift to 523.6 nm with -1.26 times increase 
in fluorescence. Although both GA and FA showed red shift of 1.,,,a„ GA results in 
more prominent increase compared to FA confirming that GA is more efficient to 
stimulate aggregation. 
2.3.2.5. Thermal denaturation ofprotein aggregates 
Fig. 25 shows the Trp emission spectra of cyt c ag~egates, formed in the 
presence of 50 mM GA and FA, as the temperature increases from 20 to 80°C. In 20 
mM phosphate buffer, pH 7, the Trp fluorescence emission at 340 nm is stable 
throughout the temperature range, suggesting that the Trp does not move away from 
the heme. Wei and Danielson also reported similar study on cyt c stability in this 
temperature range (Wei & Danielson 2011). Cvt c aggregates formed in the presence 
of 50 mM GA or FA, shows a decrease in Trp fluorescence after 50°C indicating 
opening of aggregates due to disruption in intermolecular contacts owing to high 
temperature At 80°C, GA induced aggregates showed one-fourth whereas FA showed 
one-sixth times of Trp fluorescence as compared to their respective fluorescence at 
20°C. 
2.3.2.6. SCGE of aggregated cyt c 
Fig. 26 shows the DNA damage in lymphocytes treated with 50 mM 
concentration of GA and FA at 37°C for I hour and measured by means of SCGE Fig. 
26 (a) depicts the negative control (without any treatment) of lymphocytes. Nuclear 
DNA damage in lymphocytes by aggregated cyt c in the presence of 50 mM FA and 
50 mM GA has been shown in Fig. 26 (h) and (c) respectively. Positive control (3 pI 
of methyl methane sulfonate (25µg/ml)) treatment has also been shown in Fig. 26 
(d).. These figures show that aggregated cyt c formed upon incubation with GA and 
FA results in slight damage to lymphocytes in vitro and thus shows their likelihood to 
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Fig. 24 (d): CR assay. CR absorption spectra of native cyt c in 20 mM sodium 
phosphate buffer, pH 7 (curve 1); in the presence of 50 mM GA (curve 2) and in the 
presence of 50 mM FA (curve 3). The protein concentration was 0.4 mg/ml. The 
absorption spectra were recorded from 400-700 nm. 
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Fig. 25: Heat denaturation study. Changes in the Trp fluorescence emission 
intensity of cyt c aggregates at 340 nm with increase in temperature from 20 to 80°C 
for phenolic acids. Native cyt c in 20 mM sodium phosphate buffer, pH 7 (curve 1); in 
the presence of 50 mM GA (curve 2) and in the presence of 50 mM FA (curve 3). The 
fluorescence intensity measurement was carried out at an excitation wavelength of 
295 nm. Protein concentration was 16.66 pM and the path length was 1 cm. 
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Fig. 26: SCCE Assay. Images of lymphocyte nuclei damage (a) negative control (b) 
treated by cyt c aggregates formed by 50 mM FA (c) treated by cyt c aggregates 
formed by 50 mM GA (d) treated by 3 µl of methyl methane sulfonate (25 µg/ml) as 
positive control (e) Lymphocyte DNA breakage in negative control (NC). treated by 
aggregates of cyt c formed by 50 mM FA (A 1), treated by aggregates formed by 50 
mM GA (A2), as positive control (PC). Error bars indicate the mean ± SD (n = 3). 
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be genotoxic. Aggregated cyt c causes nuclear DNA breakage of about 6icm tail 
lengths in 50 mM FA and 8 .tm in 50 mM GA compared to 4 pm tail length of 
negative control as well as 20 km tail length of positive control. Fig. 26 (e) shows the 
bar graph of tail lengths obtained in SCGE. 
2.3.2.7. SEM analysis 
Fig. 27 (a) and (b) shows the high resolution SEM images of cyt c aggregates in 
the presence of GA and FA respectively. As can be seen from the images, addition of 
50 mM GA results in the formation of amorphous aggregates. On the other hand, 
SEM image of the dried material formed after addition of 50 mM FA clearly shows 
that the aggregates in solid state are small filaments. 
2.4. Discussion 
Destabilization caused by addition of organic solvent is one of the most 
employed strategies used for structural alteration resulting in protein aggregation. 
Here, a systematic investigation has been carried out to get the intermediate states 
during the unfolding of cyt c in the presence of PEG-400 and TFE. Cyt c showed an 
enhanced Trp fluorescence upon addition of either 60% PEG-400 or 40% TFE. This 
boost may be due to exposure of the Trp residue in the non-polar environment 
suggesting existence of an intermediate state with altered Trp environment. Also at 
higher concentration of TFE, more Trp fluorescence of cyt c was observed in 
comparison to PEG-400. This may be due to ability of TFE to cause extensive protein 
unfolding relative to PEG-400 at higher concentration. TFE has fluorine group (F) 
which is more electronegative in comparison to OIl group present in PEG-400. At 
lower concentration, the number of OH groups of PEG-400 is more in comparison to 
F of TFE resulting in higher unfolding effect. But at higher concentration of TFE, F" 
groups imparts larger electronegative effect than OH group of PEG-400 masking the 
number of OII groups, hence resulting in extensive protein unfolding. Blue shift in cyt 
c at 90% PEG-400 and 50% "l'Fli observed in acrylamide quenching gives an idea 
about different accessibility of '1'rp residue to the quencher in the presence of organic 
solvents. As acrylamide is water soluble quencher and does not penetrate into the 
hydrophobic core of aggregates, very less acrylamide quenching of cyt c in the 
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Fig. 27: SEM images. Image of c}t c aggregate formed up on incubation with 50 mM 
GA (a) and FA (b). 
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presence of PEG-400 and TFE suggests the possibility of aggregation. Further, ANS 
binding to cyt c in either 60% PEG-400 or 40% TFE resulted in enhanced 
fluorescence along with blue shift. Since molecules of ANS bind to hydrophobic 
surfaces on the protein with greater affinity, it can be concluded that at 60% PEG-400 
and 400'0 TFE, maximum hydrophobic patches are exposed at cyt c surface resulting 
in high fluorescence, thus signifying this state as MG state. Similarly, decrease in 
fluorescence at 90% PEG-400 and 50% TFE may be due to the burial of hydrophobic 
patches present on the protein surface owing to aggregation. Relative intensity of cyt c 
in presence of PEG-400 and TFE showed sigmoidal curve indicating that lower 
concentration of TFE causes taster aggregate formation while PEG-400 at higher 
concentration results in complete aggregation of heme-protein. Addition of 60% PEG-
400 to cyt c results in blue shift in soret hand which indicates the gap between it and 
it increases in the porphyrin molecule and ultimately resulting in its stabilization 
(Khare et al. 2006). On the other hand, shift in the Q-hand specify a conformational 
change mainly in the hydrophobic home-binding pocket of cyt c. These results 
indicate that the interaction of cyt c at 60%'0 PEG-400 disrupts Met80-Fe ligation, but 
cyt c is still in low-spin state. Perhaps, His33 or His26 instead of MetXO coordinates 
to hellle Fe (Khare et al. 2006). Similarly cyt c at 40% TFF, showed blue shift in the 
soret band accompanied with splitting of Q band most probably owing to the saIlle 
reason. Blue shill in the soret and Q band along with the emergence of new peak at 
620 and 630 nm, at 90% PEG-400 and 50"-0 TFE respectively, indicates high spin 
state of this heme-protein. Far-UV CD spectra showed oe-helical structure of the 
native state. 60% PEG-400 showed resemblance with native and thus was regarded as 
MG whereas 40% TFE showed decline in negative MRE but curve similar to the 
native one, thus was regarded as MG state. Both 90% PEG-400 and 50% TFE showed 
minima peak of (i-helical structure but TFE also showed a prominent peak at 222 nm 
giving the idea of existence of (3-sheet conformation. After 72 h incubation 50% TFE 
showed higher J3-sheet content in cyt c in comparison to 90% PEG-400. Near-UV CD 
spectra showed traces of tertiary structure at 60"..%, PEG-400 whereas the rigid tertiary 
structure of cyt c near Trp59 is practically destroyed at PEG-400 concentration of 
about 90% probably clue to the formation of aggregates. Similarly 50% TFE showed 
complete loss of tertiary structure. Loss in tertiary structure is because organic 
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solvents disrupt the long range tertiary contacts of protein native structure and 
concurrently improve the short range electrostatic interactions like intermolecular 
hydrogen bonding by lowering the dielectric constant of the medium. Further, 72 h 
incubation of aggregated state showed complete loss in negative MRE with 
simultaneous increase in positive peak around 290 nm. This shows that both of these 
two aggregated state shows induction in non-native tertiary structure after 72 h 
incubation confirming the formation of aggregates at these concentrations. FTIR 
spectra also showed retention of a helical structure in cyt c aggregates. This detection 
was quiet different from the widely believed view that 13-sheet formation is the 
general mechanism of aberrant protein aggregation leading to disease. A similar result 
has been previously reported in Alzheimer's disease aggregates of Tau protein by 
Sadgi et al. (2002). After 72 h incubation, like CD data, a helix to 13 -sheet transition 
was observed in both the aggregated states. Nelson and Kallenbach (1986) suggested 
that the weaker dielectric constant of TFE reduces the hydrogen bonding between 
amide protons and surrounding solvent molecules and promotes the intramolecular 
hydrogen bonding in peptides and therefore stabilizes the secondary structure of 
peptides. Cammers-Goodwin et al. (1996) suggested that a-helices are most often 
formed in the presence of TFE because they represent compact conformations that 
maximize intermolecular hydrogen bonding and minimize solvent exposure. But with 
prolonged incubation cross 13-sheets are developed in the molecule due to strong 
protein—protein interactions resulting in structural transition from a-helix to 13 -sheet. 
ThT showed enhanced fluorescence upon binding with aggregates formed at 4 h but 
72 h incubation showed an abrupt increase in fluorescence giving an idea that a helix 
to 13-sheet transition has taken place. Also, results have shown that PEG-400 has more 
capacity of inducing aggregate formation in cyt c at 4 h incubation. But after 72 h 
TFE, at 50%, shows more fluorescence compared to PEG-400 indicating that with 
prolonged incubation time TFE shows enhancement in the capacity of aggregate 
formation. Also, CR assay continued the presence of aggregates by having an 
enhanced fluorescence and prominent red shift in absorbance. Furthermore, 
mistolding and aggregation kinetics monitored by ANS and ThT revealed that after 72 
h, TFE induced aggregates showed higher fluorescence compared to PEG-400 
induced aggregates signifying the formation of fibrillar-like structure in former case 
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compared to later. SCGE confirmed genotoxic nature of aggregates with TFE being 
more toxic in comparison to PEG-400. Damage caused to lymphocyte by aggregated 
cyt c may be attributed to the fact that the DNA damage is caused by two major 
mechanisms, free radical reactions and direct binding to DNA. This suggests that 
apart from oxidative stress to the nucleus, amyloid might hind to the nucleus, thus 
enhancing their toxic affect (Jayakumar et al. 2004). As these aggregates are found to 
be genotoxic to the lymphocytic cells in vivo, this gives us an idea about the damage 
that they can cause damage to the body cells. PEG-400 induced aggregates were 
detected to be bead-like in structure resembling to pre-fibrillar structure whereas TFE 
induced aggregates showed branched morphology suggesting the existence of PFs. 
Finally. XRD diffractogram also suggested that cyt c at 90",'% PEG-400 exists as 
prefibrillar oligomers and at 50% TFE as PFs (Iram & Naeem 2013). 
Similarly, effect of phenolic acids namely GA and FA on the conformation of 
eyt c has been investigated by varying their concentration. Cyt c showed maximum 
fluorescence at 45 mM GA after which a decline was observed. FA, on the other 
hand, did not showed any inclination/'declination and continue to show increase in 
fluorescence till 50 mM concentration. The increase in fluorescence of cyt c in 
presence of phenolic acids may be due to the structural unfolding in the transition 
region, increasing the distance between home and Trp, which was initially completely 
quenched owing to resonance energy transfer to the adjacent home group. Cyt c also 
showed maximum ANS fluorescence at 45 mM GA with further decline in 
fluorescence. Enhancement in fluorescence is most probably due to the exposure of 
hydrophobic clusters to the solvent and thus this state can be regarded as PUI. In 
contrast to this. FA showed initially an increase in fluorescence and after that a 
continuous decline reaching minima at 50 mM concentration. This decrease may he 
due to the burial of hydrophobic patches of protein owing to aggregation which 
iltitnately result in negligible ANS binding to these patches and hence less 
luorescence. Also GA showed higher Trp fluorescence than FA after 25 mM 
;oncentration. This indicates that at higher concentrations. GA has higher probability 
o induce confi~rmational changes in cyt c relative to FA. Similarly, enhanced ANS 
luorescence in presence of FA at lower concentrations and lowered fluorescence at 
i~. her concentrations also re confirms that GA is more potent to induce 
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conformational changes at higher concentrations. Cyt c showed a blue shift in the 
presence of 45 mM GA accompanied with enhanced fluorescence. This shift occurs 
probably due to the increased gap between 7t and 7t*  of the porphyrin and thus this 
PUI gets stabilized (Khare et al. 2006). Comparative to this, in presence of either 50 
mM GA or FA, blue and red shift was recorded respectively. Aggregation dependent 
shifting of band may also be used to gain qualitative information on the relative 
orientation of transition dipole moments responsible for the band. When the transition 
dipole moment has been set with respect to the molecular framework, one then has 
knowledge about the relative orientation of the chromophoric groups. 
Blue/hypsochromic shift in the absorption band position of cyt c incubated with GA 
may be due to parallel stacking of transition dipoles whereas red shift may be due to 
head to tail alignment of these dipoles (Urry 1967). Secondary structure determination 
by both CD and FTIR did not showed any prominent peak in their respective spectra 
indicating structural loss in both the PUI and aggregates states of GA and FA. We 
presume that unfolded polypeptide chain of cyt c interacts with each other by 
electrostatic and hydrophobic forces resulting in formation of aggregates. This result 
indicates that phenolic acids, GA and FA, are capable of causing complete secondary 
structural collapse of cyt c. ThTI' and CR confirmed formation of aggregates at 50 mM 
GA and FA but inducing prominent fluorescence and red shift along with enhanced 
fluorescence respectively. As ThT has got the property to hind hydrophobic residue 
particularly aromatic amino acids, it binds to these residues present on the surface of 
the aggregates as well as in their hydrophobic clefts and thus gives high fluorescence. 
Also data suggests that GA is more potent to induce aggregation at 50 mM compared 
to FA. Cyt c aggregates formed in the presence of these phenolic acids shows a 
decrease in Trp fluorescence after 50°C indicating opening of aggregated structure. . 
This leads to the formation of a more disordered structure, which ultimately results in 
low Trp fluorescence. Aggregated cyt c showed longer tail length in GA as compared 
to FA during SCGE. Damage in case of aggregated cyt c treated lymphocyte may be 
attributed to the fact that a sub-population of pre-fibrillar aggregates may assemble 
into a pore-like fashion and then these assemblies can interact with cell membrane in 
the form of toxic annular structures similar to those arising from pore forming toxins 
responsible for membrane permeabilization (Bucciantini & Cecchi 2010). As cyt c is 
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known to he involved in cellular apoptosis, our result shows that even after loss of 
secondary structure of cyt c and formation of' aggregates, it is still capable of 
apoptosis. Thus, from this result we can understand why nature has selected this 
ubiquitous protein to play an integral role in apoptosis. Also, this information gives an 
implication that cyt c can never he a disease causing protein upon its aggregation. 
These aggregated were later identified as amorphous and fibrillar in nature in 
presence of 50% PEG-400 and 50% TFE. 
2.5. Conclusions 
In this study. effect of' varying concentration PEG-400 and TFE on 
conformational stability of cyt c has been investigated. MG states of cyt c in the 
presence of 60% PEG-400 and 40% TFE respectively (Fig. 28) are analyzed by high 
ANS fluorescence and retention of secondary structure as revealed by tar-UV CD and 
FTIR analysis. 60% PEG-40O induced cyt c state showed retention of partial tertiary 
structure and 40% TFE induced cyt c state showed loss in tertiary structure as 
depicted by near-UV C'D. Identification of' the structural characteristics of these 
partially folded states is important for understanding the pathway of protein folding. 
72 h incubation of cvt c with increased amount of PEG-400 showed enhanced 
aggregation as is confirmed by ThT assay and these aggregates were detected as pre-
fihrillar oligomcrs as revealed by SEM and XRD analysis. TFE transtorm cyt c to 
aggregated state at 50% concentration and 72 h incubation results into the proto-
tihrillar moiety as analyzed by SEM and XRD. Several neurological disorders 
including Parkinson's and Alzheimer's shows enhanced activity of cyt c which results 
in the increased cellular necrosis. Our studies showed the formation of cyt c 
aggregates at different concentration of PEG-400 and TFE rendering them non-
functional and reducing the chances of cellular necrosis. Thus derivatives of TFE and 
PFG-40O can serve as one of' the main component in the therapy Of neurological 
disorders. Genotoxic potential of these aggregates was confirmed by SCEG and found 
to possess significant toxicity. Protein misfolding and aggregation is a very common 
phenomenon in in vivo and in vitro conditions and the corresponding hiotcchnological 
applications (Nacern & Farili 20I I; Wood et al. 2003). Our work will facilitate a 
further understanding of' the genotoxicity of aggregated protein and conformational 
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changes in the presence of organic solvent and can prove to he very useful in 
understanding diseases arising due to the formation of aggregates and therapeutical 
approaches to revert the formation of aggregates. 
Also our results showed the formation of PUI as well as an aggregated state on 
the folding pathway of cyt c in the presence of GA. On the other hand, FA directly 
induces the formation of aggregates in cyt c. The whole transformation process of cyt 
c to its PUI or aggregated state shows the process to be two step three state process in 
the presence of GA whereas this transformation involves one step two state in the 
presence of FA. Fluorometric as well as absorbance results showed more activeness 
of GA towards causing structural alteration in cyt c compared to FA. As PUI chain of 
cyt c interact among themselves via electrostatic or hydrophobic interactions, it results 
in the formation of aggregates with no secondary structure. As cyt c is a ubiquitous 
protein selected by molecular evolution to play an important role in apoptosis, our 
findings have suggested that high concentration of phenolic acids like GA and FA is 
capable of structural loss of cyt c and resulting in aggregation. But SCGE results have 
shown that even after structural loss of cyt c and formation of aggregates it can bind 
to APAF-1 receptor and initiate caspase pathway and finally cellular collapse. 
However, if this activity is lacking, cancer may induce. The overall scheme of the 
transition from native to aggregated state has been shown in Fig. 29. 
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Fig. 28: Outline of the work in presence of alcohols. Schematic representation of 
the transitions observed in cyt c in presence of either PEG-400 or TFE. 
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Fig. 29: Outline of the work in presence of phenolic acids. Diagrammatical 
representation of cyt c structural alteration in the presence of different phenolic acids. 
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3.1. 	Introduction 
The process of aggregation occurs in competition with normal protein folding 
mechanism (Findrich cc al. 200 t). A range of proteins not related to any human 
disease have been found to form fibrils in vitro under mildly denaturing conditions 
which are similar in characteristic to those proteins that are disease-associated 
(Uversky & Fink 2004). Small globular proteins that act in this manner serve as a 
model system for checking the general characteristics of amyloid and for 
understanding the overall significance of aggregation in cell biology (Maroon et al. 
2005; Chiti et aL 1999). This observation has led to the suggestion that the ability to 
form AP s is a common phenomenon and generic property of the polypeptide chains. 
A considerable number of proteins, including several that adopt u-helical structures 
under native conditions such as myoglobin and cytochrorne c-s52, have been shown to 
form AFs in vitro, provided appropriate conditions are selected (Meersman et at. 
2002; Pertinhez et al. 2001). The ability of rational design of conditions promoting 
aggregation has implications for understanding the origin of amyloid formation in 
vivo from a wide range of proteins. This gives access to a large number of model 
systems to study the process of fibril formation in more detail. This study capitalizes 
on OVA and HSA as models for protein aggregation as evaluated by a number of 
complementary techniques. OVA is a globular protein composed of 385 amino acids 
and is a member of the non-inhibitory serpin superfamily (Nisbet et a/. 1981). It is a 
useful model system to study hclixislteet transitions because it represents a protein 
that has almost equal proportions of a-helix and (i-sheet (30.6 and 31.4%, 
respectively). An erroneous transition from a-helix to a-sheet structures has fatal 
consequences in prion and other amylogenic diseases (Linding et al. 2004). HSA, on 
the other hand, is a primarily a-helical protein whose 585 amino acid structure is 
divided into multiple domains (Juarez et at 2009). In view of its independently 
folding domains, involvement of inter-domain interactions in the folding mechanism 
and propensity to aggregate in vitro, it is recognized as a good model for folding as 
well as aggregation studies. HSA participates in the control of osmotic pressure in 
blood, binds various metal ions and takes part in transport and storage of different 
fatty acids (Kragh-Hansen 1981). It also binds bilirubin, steroids and amino acids. 
This unique property enables HSA to fulfill a fundamental role as a universal 
103 
Chapter III 
biological carrier and reservoir throughout the human body. Deficiency of serum 
albumins is known to cause a number of diseases (Kayseri & Al Bander 1990) 
including Wiskott-Aldrich, Nephrotic syndrome etc. 
In the present study, ACN is used as model solvent for evaluating its effect on 
HSA and OVA as model proteins. ACN is mainly used in pharmaceutical industries 
for the assessment of potency as well as impurity levels of drugs and to extract fatty 
acids from animal and vegetable oils. It is also found in drinking water as chlorinated 
and brorninated halo-acetonitrilcs contaminants which are formed during chlorine 
disinfection (Daniel et al. 1991). The general population is exposed to ACN by 
inhalation resulting in development of disorders like chronic obstructive pulmonary 
disease, impaired blood clotting, abnormal kidney and liver function (Michaelis et al. 
1991). However, in this present study, we report that appropriately designed 
controlled solvent conditions can promote the formation of intermediates and tibrils 
providing the opportunity to investigate the molecular basis of aggregation. Here we 
aimed at developing an experimental, in vitro model for aggregation studies (using 
ACN as an organic solvent). The solvent ACN, at high concentration, destabilized the 
native globular fold of HSA as well as OVA resulting in aggregation of proteins in 
which non-covalent interactions still remain favourable. ACN is observed to induce 
amyloid-like features in HSA which resembles proteins involved in conformational 
diseases. 
3.2. 	Materials and methods 
3.2.1. Materials 
HSA (A9511, > 97% pure) and OVA (A5503, >_ 98% pure) were purchased 
from Sigma (US). Purity of HSA and OVA was checked by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. ACN was purchased from SRL (Mumbai, India) 
without further purification; ANS, ThT and CR were bought from Sigma (St. Louis, 
MO. USA). 
The stock solution of protein (5mg nnl) was prepared in 20 mM sodium 
phosphate buffer of p1l 7.2 and it was then dialyzed in the same buffer. The 
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concentration of native protein in 20 mM sodium phosphate buffer, pH 7.2, was 
determined from extinction co-efficient of 6.99 and 5.30 A/l%/l cm, for OVA and 
HSA respectively by UV absorption at 280 nm on a Shimadzu UV-1700 
spectrophotometer. 
3.2.2. Effect of ACV on NSA and 0V.-A 
Aliquots of HSA and OVA were prepared separately with varying concentration 
of ACN i.e. 0% vv to 90% at pH 7.2 and then these aliquots were incubated for 4 h 
before performing spectroscopic measurements. All the measurements were carried 
out at room temperature. Three replicates for each set were analyzed for the results. 
3.2.3. Intrinsic fluorescence in easurem en ts 
The fluorescence spectra were recorded on a Shimadzu RF-5301 
spectrotluorophotometer (Tokyo, Japan) in a 10 mm path length quartz cell. The 
excitation wavelength was 280 nm and the emission was recorded in the range of 300-
400 nm (Stryer 1968). The final concentration OVA and HSA in their respective 
aliquots was 0.2 mg/ml. 
3.2.4. ; tcrylamide quenching studies 
In the acrylamide quenching experiments, aliquots of 5 M acrylamide stock 
solution were added to a protein stock solution (15 pM) to achieve the desired 
acrylamide concentration. Excitation was set at 295 nrn in order to excite only Trp 
fluorescence, and emission was recorded in the range of 300-400 mm The decrease in 
fluorescence intensity at i.,,,,r was analyzed according to the Stern-Volmer equation 
(Eftink & Ghiron 1982): 
F,r'F - I + Ksv[Q1 
where Fo and F are the fluorescence intensities at an appropriate wavelength in the 
absence and presence of acrylamide respectively, Ks is the Stern-Vohner constant 
for the collisional quenching process, and [QJ is the concentration of the quencher. 
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3.2. S. Extrinsic fluorescence 
ANS binding was measured by fluorescence emission spectra with excitation at 
380 nm and emission was recorded from 400 to 600 nm (Matulis et al. 1999). 
Typically, ANS concentration was 100 molar excess of protein concentration (Fu et 
al. 2005; Matulis & Lovricn 1998; Semisotnov etal. 1991) and concentration of OVA 
and HSA was 0.2 mg/ml. 
3.2.6. ,-1 TR-FTIR study 
ATR-FTIR spectra were recorded with an Interspec 2020 FTIR spectrometer in 
deuterated water in the amide I region in the range of 1720 to 1580 cm1. Protein 
concentration was 2 mg/ml for OVA and HSA. The scanning wave number was from 
1000-4000 cm-I (Marcon et al. 2005). 
3.2.7. Far-UV CD spectroscopy 
CD was measured with a JASCO J-815 spectropolarimeter calibrated with 
ammonium D-10-camphorsulfonate. Cell of path lengths 0.1 was used for scanning 
between 250-200 nm. For signal to noise ratio, each spectrum was the average of 4 
scans. Base lining and analysis were done using Jasco J-815 software. Protein 
concentration for the scans was 0.2 mg/ml for OVA and HSA. 
3.2.8. Rayleigh scattering measurements 
Rayleigh scattering measurement was performed on Shimadzu RF-5301 
spectrofluorophotometer (Tokyo, Japan) in a 1 cm path length quartz cell. The 
excitation wavelength was set at 350 nm and emission range was 300-400 nm. Both 
excitation and emission slit width are fixed at 5 nm. Fluorescence intensities at 350 
nm were plotted. The final concentration of OVA and I ISA were 0.2 mg//ml. 
3.2.9. TI: T analysis 
Fluorescence spectra were recorded with a Shimadzu RF-5301 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
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wavelength was 440 nm and the emission was recorded from 450 to 600 nrn. For 
aggregation studies ThT was added to the aliquots incubated for 4 h and then spectra 
were recorded after 24 h. Final concentration of protein was 0.2 mg/ml for OVA and 
HSA respectively while the concentration of ThT was I mg'ml. "l'hT was prepared in 
20 mMl sodium phosphate buffer, p11 7.2 (Khurana el al. 2005). 
3.2.10. CR assay 
Absorption spectra were recorded in the range between 400-700 nm on 
Shimadzu UV-1700 Spectrophotometer by using cuvette having path length l cm. 
Aliquots were prepared in presence of ACN with protein concentration of 0.4 mg ml 
and incubated for 4 h. 60 tl of each sample is added to 440 pl of a solution containing 
20 µM CR in 20 mM phosphate buffer. After 2-3 min of equilibration, absorbance 
was recorded (Stathopulos et al. 2004). 
3.2.11. DLS ana!j'sis 
D[.S studies were carried out on DynaPro-1'C-04 DLS equipment (Protein 
Solutions. Wyatt Technology, Santa Barbara. CA) equipped with temperature-
controlled micro-sampler. OVA and LISA were taken in a concentration of 2 mg/ml. 
All the solutions were spun at 10,000 rpm for 15 min, prior to scanning, and first 
filtered through microfilter (Millipore Millex-IIV hydrophilic PVDF) having a pore 
size of 0.45 }un followed by tilteration using 0.22 tam pore sized filter. Measured size 
was presented as the average value of 50 runs. Dynamics 6.10.0.10 software at 
optimized resolution was used for data analysis. The mean R11 and Pd were estimated 
on the basis of an autocorrelation analysis of scattered light intensity based on 
translational dittusion coefficient, by Stokes-Einstein equation: 
R1, - KT 67rilD2 C , 
where R I, is the hydrodynamic radius, K is the Boltzman's constant, T is the absolute 
temperature. Ti is the viscosity of water and D2 ~;Ic , is the translational diffusion 
coefficient. 
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3.2.12. XRD studies 
Aggregated HSA was prepared by taking 10 mg/ml of HSA in 90% ACN and 
incubating it for 4 h. After locking the conformation, ACN treated HSA was air dried 
to remove ACN. The studies were carried out using a Rigaku X-ray powder 
diftractometer with Cu anode (Cu- Ku radiation ?.=l.54186 A) in the range of 20° 
20 < 80° at 30 kV. The peak positions, intensities, widths and shapes all provide 
important information about the structure of the material. 
3.2.13. SCGE of the aggregated HSA 
Isolated lymphocytes were exposed to 50 tgm of IISA aggregates (after 
removing the ACN by air drying) in a total reaction volume of 1.0 ml of 20 mM 
phosphate buffer pH 7.2. Incubation was performed at 37 °C for 1 h. After incubation, 
the reaction mixture was centrifuged at 716.8 g, the supernatant was discarded and 
pelleted lymphocytes were resuspended in 100 µL of PBS and processed further for 
SCGE. SCGE of protein aggregates was performed under alkaline conditions by the 
procedure of Khan et al. (2012). 
3.2.14. SEM anall'.cis 
Aggregates were prepared by taking 10 mg/ml of HSA in 90% ACN and 
incubating it for 4 h. SEM analysis of the surface and cross-section of air dried 
aliquots of HSA aggregate was performed with JSM-6510 LV scanning electron 
microscope (JEOL, Japan). 'l'he aliquots were mounted on a carbon tape coated 
stainless steel grids operating on an accelerating voltage of 10 and 12kV and in low 
vacuum condition. 
3.3. 	Results 
3.3.1. Intrinsic fluorescence measurements 
Intrinsic fluorescence of a protein (primarily due to the aggregate behaviour of 
its Trp and Tyr residues) is a sensitive reporter of protein conformational changes. 
OVA have three Trp residues (148, 184, and 267) and eight Tyr residues (Tatsumi et 
is: 
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at 1999). We evaluated the relative fluorescence of OVA as a function of ACN 
concentration in the presence or absence of 0.9°0 NaCI (Fig. 30 (a)). In the absence of 
NaCI, a bipartite response was observed with fluorescence intensity approaching a 
maximum in the presence of 50% ACN and decreasing thereafter by a factor of eight 
at 90°0. Conversely, in presence of NaCI, there was a continuous albeit modest 
increase in fluorescence intensity. indicating that the ions substantially limit the 
ability of ACN to induce structural changes in OVA. In the absence of NaCI, the 
transition is a two-step, three-state process (Kuwajima 1989). ACN alone at various 
concentrations (10-90%) is also monitored and here we have reported the subtracted 
spectra. Fig. 30 (b) depicts the emission fluorescence spectra of OVA in presence of 
ACN. Addition of SU° o ACN (curve 2) results in —50% increase in fluorescence 
intensity with a blue shift of 4 nin (from 334 to 330 nm) compared to native (curve I) 
indicating internalization of surface exposed Trp residues in non-polar environment. 
On further addition of ACN, up to 90°'° (curve 3), a progressive reduction in Trp 
fluorescence intensity relative to the intermediate state at 50°o [-34% fluorescence 
intensity of native (curve 1)] was observed. 
HSA has a single Trp residue, Trp 214. located at the interface between domains 
11 and Ill. Since the position of wavelength maximum of emission spectrum depends 
on the properties of the environment of this one Trp residue, small changes in the 
conformation of HSA are anticipated to produce marked changes in fluorescence 
properties. Fig. 30 (c) shows the relative fluorescence intensity for HSA incubated 
with different concentration of ACN in the absence and presence of 0.9°ro NaCl. 
Initially there is increase in Trp fluorescence intensity on addition of ACN up to 70% 
in absence of NaC1. followed by a decline in fluorescence up to 90% ACN. in 
presence of NaCl, a continuous increase in fluorescence intensity was observed up to 
90% ACN. indicating no intermediate was present. On increasing ACN concentration 
up to 70%, a blue shift (340-330 nnl) was observed accompanied with enhancement in 
fluorescence intensity of the HSA (Fig. 31) (d)) (Lee & Hirose 1992). On increasing 
the ACN concentration to 909° (curve 3). a red shift of 6 nnl and decrease in 
fluorescence intensity was observed relative to that obtained in 70°'% ACN. I lowever, 
as compared to native I ISA (curve 1), 90% ACN (curve 3) induces a blue shift of 4 
rim (i.e. i., 	at 336 nm) along with an increase in the Trp fluorescence of the protein. 
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Fig. 30 (a): Intrinsic fluorescence studies. Relative intrinsic fluorescence intensity 
of OVA in absence (e) and presence (•) of NaCI as a function of increasing 
concentration of ACN. The fluorescence intensity measurement was carried out at an 
excitation wavelength of 280 mm Error bars indicate the meant SD (n = 3). 
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Fig. 30 (h): Intrinsic fluorescence studies. Trp fluorescence emission spectra of 
native OVA in 20 mM sodium phosphate butter, pH 7.2 (curve 1). curves 2 and 3 
represent OVA at 50°,o and 90% ACN respectively. The fluorescence intensity 
measurement was carried out at an excitation wavelength of 280 nm. 
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Fig. 30 (c): Intrinsic fluorescence studies. Relative intrinsic fluorescence intensity 
of USA in absence (t) and presence (■) of NaCI as a function of increasing 
concentration of ACN. The fluorescence intensity measurement was carried out at an 
excitation wavelength of 280 am. Error bars indicate the mean f SD (n = 3). 
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Fig. 30 (d): Intrinsic fluorescence studies. Trp fluorescence emission spectra of 
native HS:\ in 20 mM sodium phosphate buffer, pH 7.2 (curve I); curves 2 and 3 
represent HSA at 70°„ and 90% ACN. The fluorescence intensity measurement was 
carried out at an excitation wavelength of 280 nm. 
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3.3.2. Acrl}•amide quenching .studies 
To eliminate the likelihood of fluorescence quenching owing to Trp residues, 
albumins were subjected to quenching by non-ionic molecules of acrylamide (Iram et 
al. 2013) with varying concentration of ACN (0-90%). Stern-Volmer plots of free and 
unbound model compound NATA and Trp residues of OVA and 1-ISA in the presence 
of ACN (0-90%) has been shown in Fig. 31. Acrylamide quenching of Trp analogue 
NATA alone shows maximum Stern-Volmer constant (Ks,) value indicating 
maximum quenching (Table 4). Less quenching of OVA and I ISA by acrylamide in 
the presence of 90% ACN results in the blue shift of 	from 334 to 328 nm and 
from 340 to 325 nm respectively. This suggests the possibility of different availability 
of Trp residue to the quencher probably due to aggregation of albumins at 90% ACN. 
Acrylamide, being a hydrophilic dye, does not penetrate to the hydrophobic core of 
aggregates and shows less quenching (Chapman et al. 2003). Acrylamide quenching 
results a decrease in 	with aggregation of protein. This decrease may be due to 
decreased accessibility of Trp to solvent owing to aggregation. OVA has a larger 
value relative to LISA implicating higher propensity of later to tone aggregates. 
3.3.3. Extrinsic fluwrescence 
ANS fluorescence has been widely used as a probe to monitor the 
conformational transitions in proteins due to its affinity for partially exposed 
hydrophobic regions of protein structure (Engelhard & Evans 1995). Contribution of 
ACN, at various concentrations (0-90%) after addition of ANS, to the emission 
spectra was taken into account, and we report here the subtracted fluorescence 
spectra. Regardless of the presence of NaCl, increases in ACN concentration up to 
40% produced no discernable change in ANS fluorescence intensity with OVA (Fig. 
32 (a)). In the presence of 0.9° o NaCI, there was a steady increase in ANS-dependent 
fluorescence with increasing ACN concentration from 40-90%. In the absence of 
NaCl, a similar trend was interrupted by an abrupt spike in ANS fluorescence 
reaching a maximum at 50% ACN. Above 50% ACN, ANS fluorescence diminished 
until ACN concentration reached 70% after which ANS-dependent fluorescence 
mimicked that obtained in the presence of NaCl. 
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Fig. 31: Stern-Volmer plots for acrylamide quenching of Trp fluorescence of 
albumins. Native OVA (•); HSA (A) and NATA atone (4) at pH 7.2 in presence of 
varying concentration of quencher. 90% ACN incubated OVA (o); HSA (0) and 
NATA (0). Values shown are the ratios of fluorescence in the absence of acrylarnide 
(Fe) to the fluorescence at the given concentration of quencher (F). Protein 
concentration for OVA was 4A4 and for HSA was 3.03 tM. Path length for the study 
was I cm and the excitation wavelength was 295 nm. 
115 
Chapter III 
Table 4: Acrvlamide-quenching parameters of IISA in different states. The 
excitation wavelength was 295 nm. 
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Fig. 32 (a): :.NS fluorescence studies. Relative ANS fluorescence of OVA in 
absence (A) and presence (•) of' NaC'I before centrifugation and in absence (L) and 
presence of NaCI (0) after centrifugation as a function of increasing concentration of 
ACN. Excitation wavelength for the study was 380 nm. Error bars indicate the mean 
SD (n=3). 
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In a parallel experiment, OVA treated with ACN was centrifuged and the supernatant 
evaluated for ANS-dependent fluorescence. For OVA in the presence of NaCI, 
centrifugation had no effect. For OVA treated with ACN in the absence of NaC1, the 
spike in ANS-fluorescence at 50% ACN was still observed, but at 70% ACN and 
above, little fluorescence was detected. Data obtained in the absence of NaCI are 
consistent with the formation of OVA aggregates at ACN concentrations above 50%. 
Centrifugation removed precipitated aggregates and the ANS fluorescence due to 
them. Therefore. the observed increase in ANS fluorescence at 90% ACN 
concentration is attributable to the binding of ANS to the aggregates, rather than to 
partially folded states observed on folding pathway. Negligible decrease in ANS 
fluorescence was observed upon centrifugation of OVA treated with ACN in presence 
of 0.9% NaCI as salts prevented the formation of aggregates. 
In the presence of 0.9% NaCl, HSA showed very similar behaviour to that 
observed for OVA with a continuous increase in relative ANS fluorescence with 
increasing ACN concentration regardless of whether or not the sample was 
centrifuged prior to data collection (Fig. 32 (b)). In the absence of NaCI, ANS 
fluorescence of uncentrifuged aliquots of ACN-treated HSA was essentially the same 
as that observed in the presence of NaC1. However, when aliquots were centrifuged 
and only supernatant was evaluated, there was an abrupt decrease in ANS-
fluorescence above 70% ACN. The data obtained in the absence of NaCI are 
consistent with the accumulation of MG state up to 7001/0 ACN followed by formation 
of aggregates at higher concentrations. In the presence of NaCI no intermediate was 
observed with continuous increase in ANS tluorescence up to 90% ACN and 
centrifugation had no effect on the observed ANS-dependent fluorescence. OVA after 
attaining the maximum ANS fluorescence (Fig. 32 (c)) at 50% ACN (curve 2), 
showed a decline in the ANS fluorescence up to 70% ACN (curve 3) and after that 
again ascend takes place till 90% ACN addition (curve 4). This increase at 90% may 
be due to the formation of aggregates that ultimately results in enhanced fluorescence 
(Fu et al. 2005). Binding of ANS to FISA (Fig. 32 (d)) incubated with 70% ACN 
produces a large boost in fluorescence intensity (- 50 times of the native, curve 7) 
accompanied by red shift of 2 nm from 490 nm to 492 nm indicating exposure of 
hydrophobic regions of the protein molecule on ACN addition. With further addition 
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of ACN up to 90% (curve 9), there is increase in ANS fluorescence suggesting that 
more unfolding of protein results in binding of hydrophobic probes to form 
hydrophobic clusters. As increase in hydrophobicity is related to degeneration of cell, 
our ANS result gives an idea about the toxicity of aggregates formed (Bolognesi et al. 
2010). In the absence of NaCI, MG states were observed at 50% and 70% ACN for 
OVA and HSA, respectively, and at higher ACN concentrations the protein 
aggregates. Maximum aggregation is attained at 90% ACN. In presence of NaCI 
these intermediate states were not obtained proving the effect of salting in. Moreover, 
presence of NaCI prevented aggregation of the protein thus, decreasing the 
hydrophobic environment in the vicinity of the protein. The results of ANS 
fluorescence are consistent with intrinsic fluorescence. 
3.3.4. .-1 TR-FTIR .ctudv 
Infrared spectroscopy identities n-strands more effectively than a-helices 
(Arrondo et al. I998). The conformational changes observed in OVA on addition of 
ACN were evaluated by monitoring amide I hand ATR-FTIR spectra (Fig. 33 (a)). In 
the absence of ACN. OVA showed a broad peak around 1636-1656 cm-I indicating 
the presence of (L-helices and n-strands, consistent with its known structure (Naeem et 
al. 2011). At 50°% ACN. a peak was observed at 1632 cm"~ suggesting a 
preponderance of 1-sheet structure associated by way of intramolecular hydrogen 
bonding. At 90% ACN, two distinct bands (1688 and 1613 cm-1) were suggestive of 
development of intermolecular hydrogen bonds that results in coagulation of protein 
molecules. The appearance of these peaks in the amide I region implies that the 
aggregated species possess extensive 13-sheet structure. In the absence of ACN, HSA 
showed peaks in the amide I region at 1656 (mainly (=O stretch) and an amide 11 
region peak at 1543 cm " (C-N stretching coupled with N-H bending modes) 
confirming its predominantly helical structure (F ig.33 (b)). Upon incubation of HSA 
with 70°% ACN for 4 h. there was a substantial shift in the peak to 1630 cm-1, 
suggesting the appearance of a much greater proportion of 13-sheet structure bonded 
by intramolecular hydrogen bond. 
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Fig. 32 (h): ANS fluorescence studies. Relative ANS fluorescence of HSA in 
absence (A) and presence (+) of NaCI before centrifugation and in absence (0) and 
presence of NaCI (0) after centrifugation as a function of increasing concentration of 
ACN. Excitation wavelength for the study was 380 am. Error bars indicate the mean 
SD (n -3). 
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Fig. 32 (c): ANS fluorescence studies. ANS fluorescence emission spectra of native 
OVA (curve l) and in the presence of 50. 70 and 90% ACN (curve 2-4). Excitation 
wavelength for the study was 580 run. 
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Fig. 32 (d): ANS fluorescence studies. ANS emission spectra of native HSA (curve 
1) and in the presence of varying concentration (20-90°x%) of ACN (curve 2-9). 
Excitation wavelength for the study was 380 nm. 
122 
6 
5 
2< 
I 
0 
Chapter 11.1 
1 
3 
1700 	1660 	1620 	1580 	1540 	1500 
Wavenumher(cm 1) 
Fig. 33 (a): ATR-FPIR analysis. AIR-FTIR spectra of OVA with varying 
concentration of ACN in the amide I region in the range of 1720 to 1580 ctn. Curve 
I represents native OVA and curve 2 and 3 shows OVA at 50% and 90% ACN 
respectively. 
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Fig. 33 (b): ATR-FTIR analysis. ATR-FTIR spectra of HSA with varying 
concentration of ACN in the amide I region in the range of 1720 to 1580 cm"'. Curve 
1 represents native HSA and curve 2 and 3 shows HSA at 70% and 90% ACN 
respectively. 
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In the presence of 90% ACN. there was a complete loss of the transitions at 1543 cm's 
and 1656 cm-1 along with the emergence of new features at 1616 and 1688 cm- '. As 
above, this suggests a transition from intramolecular hydrogen bonded to 
intermolecular hydrogen bonded (i-sheet structure (011esch et al. 2007). 
3.3.5. Far-I'J' CD spectroscopy 
Fig. 34 (a) depicts the far-UV CD spectra in the 250-190 nm range of native 
OVA (curve 1) with the minima at 222 and 208 nm indicating the presence of a-helix 
structure. Curve 2 represents ACN-induced state of OVA at 50°,' resulting in loss of 
the feature at 222 nm and emergence of a new signal at 217 nm characteristic for the 
n-sheet conformation. This indicates loss in u- helix content with the induction of ( - 
sheet conturmation (Naeem et al. 2011). 	On further addition of' ACN up to 90% 
(curve 3), the 13-sheet structure is enhanced, with retention of peak at 217 nm. This 
result also confirms. in agreement with the FTIR spectra. that at 90% ACN in OVA 
most of the a-helix structure has been converted to 13-sheet form. The changes in OVA 
secondary structure induced by ACN were evaluated by monitoring mean residue 
ellipticity at 222 nm (Fig. 34 (h)). As can be easily seen in the figure, initially 
structural loss has been taking place up to 20% ACN addition. But afterwards there is 
gradual increase in secondary structure of the protein up til 50% ACN, further 
addition of ACN results in structural loss. 	Similarly. Fig. 34 (c) shows the far-UV 
CD spectra of native IISA and in the presence of ACN. The spectra of native HSA 
shows minima at 208 and 222 nm, characteristic of helical structure (curve I ). From 
native to ACN-induced intermediate state, transition occurs in the vicinity of 40° % 
(curve 2), reticctin the loss of secondary structure. At 70% ACN concentration 
(curve 3), decrease in negative \IRE. [0] at 222 nm, occurs as a consequence of 
changes in protein structure originating from the formation of an intermediate state. 
The %IRE of CD parameter at 222 nm is proportional to the u-helix secondary 
structure: therefore, decrease in this value is an indication of the reduction of a-helix 
content of the protein. On further addition of ACN, up to 90% (curve 4), complete 
loss of peak at 208 and 222 nm along, with emergence of new peak at 216 nm, 
indicating the formation of' 13-sheet structure, most probably originating from the 
fibrillar aggregates in solution (Tram et a1. 2013). FISA is known to form aggregates at 
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high temperature and low pH (Juarez et al. 2009). Changes in far-UV CD spectra of 
HSA (Fig. 34 (c)) were more pronounced than that of OVA (Fig. 34 (a)) with the loss 
of more a-helix in HSA than in OVA. For better resolution, the CD parameter HIRE at 
208 nm is plotted as a function of increasing concentration of ACN (FIg. 34 (d)). As 
can be seen from the figure, loss of a-helix in HSA occurs at 40% and reduces to less 
than half at 70% ACN. Finally, at 90% ACN, HSA retains only about one-fourth of 
the native a-helix content. From these observations, it can be concluded that HSA in 
presence of high concentration of ACN (70% and above) loses a-helix and is 
subjected to confottnational changes relative to native physiological structure. 
3.3.6. Rayleigh scattering measurements 
As measurement of fluorescence intensity at 350 nm is an excellent approach to 
check protein aggregates, light scattering of OVA and LISA in the presence of ACN 
(0-95%) was monitored. A six folds increase in fluorescence intensity was observed 
in OVA whereas in HSA, at 90% ACN, — nine folds enhancement in fluorescence 
intensity (Fig. 35 (a)) was observed. Thus, suggesting the formation of aggregates in 
albumins (Santiago et al. 2010) at this concentration of ACN. 
Absorbance was also monitored at 280 nm on UV-vis spectrophotometer and 
respective absorbance values were plotted as a function of increasing concentration of 
ACN (Fig. 35 (b)). These results depicted there is no loss in concentration of OVA 
and HSA upon incubation with different concentration of ACN. Thus ruling out the 
possibility of protein loss/concentration error and the effect is purely an aggregation 
effect. 
3.3.7. ThT analysis 
To further analyze that the ordered (3-sheet structure and exposed hydrophobic 
surface of OVA and HSA at 90% ACN results in aggregation, ThT assay was 
performed. ThT is the most commonly used dye to diagnose AF formation, both in 
vivo and in vitro (Khurana et al. 2005; Stathopulos etal. 2004). 
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Fig. 34 (a): CD spectroscopy. Far-UV CD spectra of OVA in the presence of ACN 
in 20 mNl sodium phosphate buffer, pH 7.2. Curve I shows native OVA, curve 2 and 
corresponds to OVA at 50% and 90% ACN respectively. 
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Fig. 34 (b): Relative CD spectroscopy. Relative intensity of Far-UV CD at 222 nm 
for OVA as a function of varying concentration of ACN. Error bars indicate the mean 
f SD (n = 3). 
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Fig. 34 (c): CD spectroscopy. Far-l:V CD spectra of IISA in the presence of ACN in 
20 m%I sodium phosphate buffer, pH 7.2. Curve I shows native 1-ISA. curve 2 
represents HSA in presence of 40% ACN: curve 3 and 4 represents HSA at 70% and 
90% ACN respectively. 
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Fig. 34 (d): Relative CD spectroscopy. Relative Far-UV CD intensity of HSA at 208 
nm as a function of varying concentration of ACN. Error bars indicate the mean ± SD 
(n 3). 
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Fig. 35 (a): Rayleigh scattering measurements. OVA (•) and HSA (A) in the 
presence of 90% ACN. The excitation wavelength was 350 rim and emission was 
recorded in the wavelength range of 300-40() rim. Error bars indicate the mean _± SD 
(n - 3). 
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Fig. 35 (h): Absorption study: Absorbance of USA (A) and OVA (•) at 280 nm as a 
varying concentration of ACN. All the reactions were carried out at 37°C. Error bars 
indicate the mean ± SD (n = 3). 
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The binding of ACN (0-90%) to ThT dye was taken into account and here we 
reported the subtracted spectra. When spectra were recorded after 24 h incubation 
with ThT, prominent increase in fluorescence intensity was detected in albumins at 
90% ACN, indicating the formation of aggregates. Fig. 36 (a) depicts ThT spectra of 
USA at different concentrations of ACN incubated for 4 h. Native HSA (curve 1) 
show no binding of the dye. At 70% ACN, 8 times ThT fluorescence enhancement 
relative to native was observed (curve 2). The maximum ThT fluorescence of about 
133 times in HSA was observed at 90% ACN (curve 3). Fig. 36 (b) depicts relative 
ThT fluorescence intensity of HSA and OVA incubated with varying concentrations 
of ACN. Maximum aggregate formation in albumins was observed at 90% ACN. 
3.3.8. CR assay 
The azo dye CR has a high affinity with the 3-pleated structure of all forms of 
amyloid. The repeating (i-sheet structure allows the hydrophobic dye like CR to 
interact with regularly spaced protein chains, which is commonly used to monitor 
amyloid formation in vitro. The interaction between CR and protein is due to the 
electrostatic interaction between sulphonic group of CR and positively charged amino 
acids of protein (Stathopulos ei al. 2004). As shown in Fig. 37, both native HSA and 
OVA showed peak at 490 nm. At 90% ACN, a red shift of IS and 10 nm with 
prominent increase in absorbance was observed in HSA and OVA respectively. The 
absorbance peak was observed at 508 nm in HSA whereas at 500 inn in OVA. 
3.3.9. DLS analysis 
To confirm the presence of albumin aggregates at 90% ACN, DLS studies were 
performed. Rh and % Pd of native as well as 90% ACN treated HSA and OVA have 
been calculated in Table S. Native LISA and OVA shows Rh of 3.5 and 3.0 rim 
whereas 19.4 and 11.5% Pd. Upon incubation with 90% ACN, both the albumins 
showed an increase in Rh. % Pd and apparent molecular weight confirming aggregate 
formation. Here Rh values are in agreement with the prior observations (Ahmad et al. 
2012; Weijers & Visschers 2002). Lower Pd values show the occurrence of 
homogenous cnviromncut and lack of any association-dissociation process, thereby 
confirming monomeric nature of native HSA and OVA. 
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Fig. 36 (a): ThT fluorescence study: ThT spectra of HSA in the presence of ACN. 
Curve 1 shows native protein: curves 2 and 3 represent HSA at 70% and 90% ACN 
respectively. ThT fluorescence was monitored at an excitation wavelength of 440 nm. 
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Fig. 36 (b): ThT fluorescence study: Relative ThT fluorescence intensity of LISA 
) and OVA (•) as a function of varvin concentration of ACN. Error bars indicate 
mean SD)(n - 3). 
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Fig. 37: CR assay of albumins. CR dye binding of native OVA (curve 1) and HSA 
(curve 2) and OVA (curve 3) and HSA (curve 4) in the presence of 90% ACN. 
Concentration of OVA and HSA was 4.44 and 3.03 µM respectively and the path 
length was 1 cm. Ahsorhancc was recorded in the range of 400 to 700 nm. 
136 
Chapter III 
Table 5: Hydrodynamic radii (R,,) and polydispersity (Pd) of HSA and OVA in the 
absence and presence of ACN. 
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3.3.10. XRD analysis 
XRD of HSA incubated with ACN is shown in Fig. 38 as a plot of scattering 
intensity vs. the scattering angle 20. Two strong reflections can be observed: a 
dominant sharp and intense reflection occurs at a diffraction angle of 37°, and one 
weaker, more diffuse, but still intense reflection is observed at —44°. These peaks may 
be due to the formation of HSA aggregates. Emergence of slight peak around the 
diffraction angle of 800  indicates the presence of fibrillar aggregates that precede 
formation of AF (Juarez et al. 2009, Blake & Serpell 1996). 
3.3.11. SCGE of aggregated IISI 
Fig. 39 demonstrates the SCGE of aggregated HSA. Fig. 39 (a) and (b) 
represents the native HSA incubated with lymphocytes and nuclear DNA damage in 
lymphocytes by aggregated HSA respectively. Negative control (without any 
treatment) and positive control (3 pl of methyl methane sulfonate (25}ig/ml)) 
treatments are shown in Fig. 39 (c) and (d) respectively. ACN was air dried before 
adding aggregated HSA to lymphocytes; it causes nuclear DNA breakage of about 12 
µm tail length compared to 4 pm tail length of negative control and 20 µm tail length 
of positive control. This image clearly demonstrates that aggregated HSA cause cell 
necrosis and has a genotoxic effect on lymphocytes in vitro. On contrary, in native 
HSA tail length of 6 µm was observed very close to negative control. 
3.3.11. SEM analysis 
The SEM is used to generate high-resolution images of protein aggregates and 
AEs. HSA incubated with 90% ACN clearly shows the formation of fibrillar 
aggregates (Fig. 40 (a)). Also, images in Fig. 40 (b) and (c) show these altered HSA 
molecules structures leading to the formation of aggregates. Fig. 40 (d) represents the 
formation of amorphous OVA aggregates. The growth of this aggregate formation is 
dependent on the interaction between these fibrillar structures which are responsible 
for the formation of supra-fibrillar (Juarez t al. 2009). 
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Fig. 38: XRD pattern of HSA aggregates in presence of 90% ACN. The 
concentration of HSA was 10 mg/ml. 
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Fig. 39: SC(:E assay. Images of I} mphoc} to genomic DNA damage in the presence 
of (a) native HSA. (b) HSA aggregates. (c) negative control and (d) positive control. 
The concentration of native IISA and 1ISA aggregates was 50 mg/ml. 
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Fig. 40: SEM analysis. LISA aggregates formed in presence of 90% ACN (a). (b) and 
(c) and OVA in the presence of 90% ACN (d). Concentration of USA and OVA was 
10 mg/ml. 
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3.4. 	Discussion 
The process by which a linear sequence of amino acids folds into a discrete and 
functional three-dimensional protein is the most fundamental and universal example 
of biological self assembly. Failure of protein to fold correctly leads to a functional 
deficit. Nonspecific interactions among the side chainslinappropriately exposed 
hydrophobic surfaces of incompletely folded polypeptides result in coagulation, most 
widely viewed as protein aggregation. Abnormal interactions have been proposed to 
underlie the toxicity associated with protein aggregates in many neurodegenerative 
disorders like Alzheimer's and Parkinson's diseases etc. 
The systematic investigation of the effects of ACN on HSA and OVA was made 
using steady state Trp and ANS fluorescence, acrylamide quenching, CD, FTUR, 
rayleigh light scattering, ThT fluorescence and CR absorbance, DLS, XRD, SCGE 
and SEM. This work has pointed out the presence of MG states which proceeds to 
aggregate with further increase in concentration of ACN. This suggests that native 
polypeptide has the ability to undergo conformational changes under different micro 
environmental conditions. 
Addition of 50% ACN to OVA and 70"/o to USA, in absence of NaCI, results in 
enhanced Trp fluorescence with a blue shift of 4 and 10 nm respectively, indicating 
the exposure of surface exposed Trp residues in the non-polar environment. The data 
were indicative of an intermediate appearing during the ACN-induced structural 
transition of OVA and HSA. A drop beyond 50% in OVA is possibly due to 
internalization of all three Trp residues owing to intermolecular protein-protein 
interaction probably due to the formation of aggregates. At 90% ACN, decrease in 
fluorescence intensity was a result of cross-linking of individual OVA molecules due 
to aggregation. Similarly, the observed drop in fluorescence intensity after 70% ACN 
addition in HSA could be due to either (i) exposure of Trp to the solvent and/or (ii) 
quenching of Trp fluorescence intensity due to an increase in the number of Phe, 
histidine and disulfide residues in the proximity of lip that quenches the emission 
upon aggregation mediated by both electrostatic and hydrophobic interactions. 
Maximum decline at 90% ACN was accompanied with 4 am blue shift relative to 
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native. Juarez et al. have reported a similar blue shift in HSA upon aggregation 
(Juarez et al. 2009). On the contrary, in presence of NaCI steady increase in 
fluorescence in both the cases shows that salts impart greater stability to proteins and 
delay in OVA and HSA unfolding. Less quenching of OVA and LISA at 90% ACN by 
acrylamide suggested the possibility of protein aggregation which results in less 
approach of quencher to the buried Trp residues. OVA and HSA also showed an 
enhanced ANS fluorescence up to 50% and 70% ACN respectively giving the idea of 
existence of MG state. Decrease in fluorescence at 90% ACN after centrifugation in 
both the cases is presumably due to the pelleting of aggregates that resulted in 
lowering of ANS fluorescence intensity (Plakoutsi cat al. 2004). ATR-FTIR analysis of 
OVA at 50% ACN shows peaks in the 13-sheet region analogous to the native OVA 
indicating the existence of conformation similar to native. At 90% ACN two different 
peaks, again in 13-sheet region, signifies the formation of intermolecular hydrogen 
bond resulting in coagulation of OVA. This indicates that there is a progressive 
increase in 13-sheet configuration leading to the formation of protein aggregates. 
Importantly. this type of infrared spectrum has been shown to be characteristic of :IFS 
(Marcon et al. 2005: Dzwolak et al. 2004). I[SA shows a transition from cx-helix to 13-
sheet at 700 o ACN by the formation of intramolecular hydrogen bonding and after 
that intermolecular hydrogen bonds results leading to the formation of aggregates. 
Reduction of u-helical structure of LISA caused the partial unfolding of protein, 
followed by R rmation of a state with higher 13-sheet than u-helical structure contents. 
A similar u-helix to 13-sheet transition has also been reported in polylysine and prior 
protein ([ -versky & Fink 2004). These data suggest the formation of intermolecular 
hydrogen bonded 13-sheets, providing one mechanism by which HSA may aggregate 
at 90% AC'N. In conformity to FTIR data, CD data also highlights the presence of 
extensive 13-sheet conformation at 90% ACN in both OVA and HSA, suggestive of 
presence of aggregates. Further, enhanced ThT fluorescence of HSA at 90% ACN is 
suggestive of the formation of extensive 13-sheet aggregates with exposure of side 
chain residues of HSA that leads to steric interaction between these residues and l hT 
(lye and ultimately results in high fluorescence. Additional confirmation of 
aggregation was provided by CR and [)LS. CR shows a very prominent red shift on 
binding with 13-sheet rich aggregates in both the cases whereas [)LS depicted 
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increased Rh, Pcl and molecular weight of HSA and OVA at 90% ACN. Increase in Rh  
and apparent molecular weight signify the presence of aggregated assemblies due to 
reduction in intramolecular interactions in the presence of ACN. This results in the 
exposure of hydrophobic residue which can, now, interact among them to form 
intermolecular interactions and hence, aggregates of albumins. I-lere, increase in Pd of 
the solution further confirms the presence of heterogeneous species in the solution. 
Strong peaks in the XRD diffractogram and SEM images confirm the fibrillar nature 
of HSA aggregates whereas OVA aggregates were analyzed to be amorphous in 
nature. SCGE showed damage to lymphocyte DNA by aggregated HSA. Damage in 
lymphocytes in presence of aggregated HSA may be attributed to the fact that the 
DNA damage is caused by two major mechanisms, free radical reactions and direct 
binding to DNA. The fibrillar aggregates that precede formation of mature AFs may 
be the primary toxic species. This toxicity is likely to arise because in these early 
aggregates hydrophobic side chains and other regions of the polypeptide chain will be 
much more accessible than in the fully formed mature fibrils. Indeed, the latter are 
often found to be remarkably inert, for example in their resistance to proteolysis and 
degradation (Bucciantini el al. 2002). It has been demonstrated that intracellular 
protein aggregation directly causes free radical production (Hands et al. 2011). 
Interestingly, Tabner and colleagues (2005) showed that there is a tight correlation 
between the time of oligomer formation and a ROS burst during such reactions, 
suggesting that it is the early aggregation steps and not the production of amyloid 
fibrillar structures that may be associated with free radical production. 
3.5. 	Conclusions 
Recently it has been thoroughly shown that protein sequences/ structures 
themselves have specific biases working against misfolded conformations. The 
interactions between the misfolded states result in aggregation or non-native 
structures (Ma et al. 2010). In this study. ACN is used as a solvent for the formation 
of albumin AFs in vitro. However, from this study, the negative effect of ACN on 
human population cannot be proved. When these results were taken together, i.e. high 
ANS fluorescence, retention of secondary structure in OVA at 50% ACN and in HSA 
at 70",% ACN suggests that this state resemble the MG state as defined for other 
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proteins. Identification of the structural characteristics of these partially folded states 
is important for understanding the pathway of protein folding. Further incubation of 
albumins at high concentration of ACN (at physiological pH), i.e. 90%, result in the 
formation of aggregates as confirmed by ThT and CR analysis. HSA aggregates were 
further confirmed as fibrillar in nature by XRD and SEM studies. Carrying our studies 
to lyntphocyctes, we have found that the HS.A aggregates were genotoxic for cell. 
Overall pathway of modification of albumins as a result ACN addition has been 
shown in Fig. 41 for easy understanding. The misfolding and aggregation of proteins 
is a very common phenomenon both in the cell, in vitro protein refolding, and the 
corresponding biotechnological applications. Our work will facilitate further 
understanding the genotoxicity of aggregated protein and conformational changes in 
the presence of organic solvent and can prove to be very useful for investigating the 
molecular basis of diseases due to the formation of aggregates. 
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Fig. 41: Outline of the work: Schematic representation of albumin structural 
alteration pathway in the presence of ACN. 
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4.1. 	Introduction 
Every polypeptide possesses a natural tendency which can lead to the 
transformation of native protein to toxic aggregates in the presence of destabilizing 
conditions (Stetani 2004). The origin of a number of degenerative diseases, including 
Alzheimer's and Parkinson's diseases, is nlistolded proteins that get deposited in 
different tissues as amyloid plaques (Pires et al. 2012). Protein aggregates, in the form 
of amyloid plaques. neuro-fibrillary tangles. and/or intra-cytoplasmic or intra-nuclear 
inclusions cause damage to the cell membrane and disruption of ion homeostasis, 
induction of apoptosis, and finally, cell death (Zhang et al. 2010). Dobson's group 
deserves credit for having proposed. that all proteins have the potential to form 
amyloid (Fandrich 2001). Later on, hiointormatics tools have identified the segments 
Asn and Gin that have a high propensity to form anlyloid (Halfmann etal. 2011). It is 
still in debate whether mature AF or early formed aggregates are responsible for cell 
toxicity (Stefan/ & Christopher 2003). However it has been proposed that small 
soluble oligonleric amyloid intermediates are the main culprits (Lambert ct al. 1998). 
Although a number of models are given for the formation of IM F, but the most popular 
model depicts that either the refolding of polypeptide into parallel, left-handed P-sheet 
or the 3 dimension domain swapping (Sambashivan cat al. 2005) is responsible for PF 
formation. A deeper understanding of the comprehensive mechanism of protein 
aggregation and the resulting cellular toxicity could lead to rational drug design for 
the amvloid based diseases. Biophysical characterization of aggregation processes 
normally requires the use of chemical cosolvents to reduce experimental 
inconsistency and imitate cellular environment. To provoke the formation of atypical 
aggregate structure I FF is commonly used as a co-solvent to alter the conformations 
of proteins and peptides because of its ability to disrupt tertiary interaction by 
lowering solvent polarity and favouring a-helical structure by promoting intra-
molecular hydrogen bonding (Kumar & Udgaunkar 2009). TFE can also induce 
structural alterations in proteins as it imitates the lipid environment of cell 
membranes. Such studies can be a valuable approach in analyzing the conformation of 
cell membrane proteins. 
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Transferrin family is a collection of proteins that function in the transport of Fe 
around the blood stream after forming Fe-protein complex and also acts as 
bacteriostatic agents in a variety of biological fluids (Mason et al. 1998). hTF is a 
glycoprotein consisting of 679 amino acid residues with a molecular weight of 79570 
Da. It has a combination of u-helices and n-sheet which comprises a bi-lobal protein 
having N- and C- terminal each of which reversibly binds to Fe3 ~. A concomitant 
binding of an anion, mainly carbonate anion, is essential for Fe binding (Arefanian & 
Djalali 2002). Fe' is bound octahedrally to the side chains of Tyr`' , Tyres, Asp i`3, 
His249, and two oxygens from carbonate. Approximately half of the total hTF present 
in an adult body is located in blood plasma while the remaining are distributed among 
different body fluids including lymph, tears, cerebrospinal fluid, bile, amniotic fluid, 
milk, saliva, aqueous humor and seminal fluid. About 4% of the plasma protein 
content is transferrin (2.5 g/L) and it is the fourth most abundant plasma protein. A 
number of diseases like haemophilia, haemolytic anaemia, diabetes mellitus etc occur 
when there is heme loss in the body. 
In this study, we investigate TFE-induced structural rearrangement and 
aggregation using hTF as a model system. Our analysis has shown that after 4 h 
incubation hTF at 5% and 15% TFE convert to DMG and WMG form respectively 
and forms aggregate at 20% TFE. When this aggregated state was further incubated 
for a longer period PF and AF are formed after 24 and 48 h respectively. 
4.2. 	Materials and Methods 
4.2.1. Materials 
Transferrin from human plasma was purchased from Sigma (St. Louis, MO, 
US). Purity of hTF was checked by sodium dodecyl sulphate—polyacrylamide gel 
electrophoresis. ANS. ThT and CR were bought from Sigma (St. Louis, MO, USA). 
Tris base and hydrochloric acid was purchased from SRL (Mumbai, India) for making 
tris HCI buffer of pH 7 
Stock solution of 5mg/ml hTF was prepared in 20 mM tris HCl buffer of pH 7 
and it was then dialyzed in the same buffer. The concentration of native protein in 20 
148 
Chapter PV 
mM tris HCl buffer. p11 7. was determined from extinction co-efficient of 11.1 
A/I%/1 cm by LV absorption at 280 nm on a Shimadzu UV-1700 spectrometer with 
the help of a cuvette having I cm path length 
4.2.2. Docking .study 
Docking studies have become nearly crucial for the study of macromolecular 
structures and interactions. Macromolecular modeling by docking studies provides 
most detailed possible view of ligand-receptor interaction and has created a new 
rational approach to drug design where the structure of drug is designed based on its 
fit to three dimensional structures of receptor site, TFE (ligand) and the hTF 
(receptor) interaction were visualized using a well established docking software Hex 
docking 6.1 version. The crystal structure of hTF (PDB: ID3K) was retrieved from 
the Protein Data Bank. Minimization and optimization was done by using the 
Chcrnsketch software. 
4.2.3. Aliquot preparation 
Aliquots of hTF were prepared with varying concentration of TFF i.e. 0%-50% 
at pH 7. These were then incubated at 25°C for 4 h followed by 24 and 48 h before 
carrying out spectroscopic methods. Three replicates for each set were analyzed for 
the results. 
4.2.4. Intrinsic fluorescence measurements 
The fluorescence spectra were recorded on a Shimadzu RF-5301 
spectrofluorophotometer (Tokyo, Japan) in a 10 mm path length quartz cell. The 
excitation wavelength was 295 nm and the emission was recorded in the range of 300-
400 am. Finally, 2.5 µM hTF was present in the aliquots. 
4.2.5. Acrhlamide quenching stnidies 
in the acrylamide-quenching experiments, aliquots of 5 M acrylamide stock 
solution were added to a protein stock solution (15 ttM) to achieve the desired 
acrylamide concentration. Atiquots were excited at 295 urn so as to excite only Tip 
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fluorescence and the emission was recorded in the range of 300-400 nm. The 
decrease in fluorescence intensity at 	was analyzed according to the equation 
given by Stern-Volmer (Eflink & GhFe 1982): 
Fo 
-;;-=   I+Ks.., [Q] 
where FO and F are the fluorescence intensities at an appropriate wavelength in the 
absence and presence of acrylamide, respectively, Ks v is the Stern-Volmer constant 
for the collisional quenching process, and [Q} is acrylamide concentration. 
4.2.6. ANSJluorescenee measurements 
ANS binding was measured by fluorescence emission with excitation 
wavelength at 380 Ills and emission spectra were recorded from 400 to 600 nm. 
Protein (2.5 I. M) was incubated with 100 told molar excess of ANS for 30 min. 
4.2.7. ATR-FTIR analysis 
ATR-FTIR spectra were recorded with an Interspec 2020 FTIR spectrometer in 
deuterated buffer of pH 7. The samples for FTIR studies were prepared by dissolving 
MG and aggregated states of hTF in deuterated butter. Solutions are placed between 
two CaF2 windows with a spacer. Since the D2O bend vibration absorbs strongly 
below 1500 cm"' the path length must be kept to a minimum, therefore sample 
concentrations must be relatively high. Protein concentration was 2.5 mM. The 
scanning wave number was from 1000 to 4000 cm-1 (Marcon etal. 2005). 
4.2.8. CD spectroscopy 
CD was measured with a JASCO J-815 spectropolarimeter equipped with a 
Jasco Peltier-type temperature controller (PTC-424S/ 15) and calibrated with 
ammonium D- l 0-camphorsulfonate. All the CD measurements were carried out at 
25°C with scan speed of 100 nm/min and response time of 1 s. hTF concentration for 
tar and near-UV CD is 3.75 and 25 pM respectively. Cells of path length 0.1 and 1 
cm was used for scanning between 250-200 and 300-250 nm respectively. For good 
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signal to noise ratio, each spectrum was the average of 4 scans. Base lining and 
analysis were done using Jasco J-720 software. The results were expressed as MRE in 
deg cm' dmol ' which is defined as: 
Bobs (m°) 
MRE= 10 X r1 X Cp X! 
where 0ob, is the CD in milli-degree, where, n the number of residues. Co the molar 
fraction, and I the length of light path in cm. Helical content was computed using 
DICHROWEB software (Whitemore & Wallace 2008) with the help of K2D 
algorithm (Andrade et aL 1993). 
4.2.9. SEC 
SEC experiments were carried out on a Sephadex G 200 (76 x 1.15 cm) column. 
The column was pre-equilibrated with 20 mM tris HCI buffer (pH 7) and in the 
presence ofTFE. Two ml of 5 mg/ml native hTF and hTF in the presence of 20% TFE 
incubated for 48 h was applied to the column and eluted at 20 ml/h. The eluted 
fractions were read at 280 nm. The molecular weight marker used were Jack bean 
Unease (590,000), Myosin (220,000), GOD (160,000), con A (104,000) and BSA 
(66,700). 
4.2.10. DLS analysis 
DLS studies were carried out with a protein concentration of 2 mg/ml in tris HCI 
buffers (pH 7). The experiment was performed at 830 rim using DynaPro—TC-04 
dynamic light scattering equipment (Protein Solutions, Wyatt Technology, anta 
Barbara, CA) equipped with a temperature-controlled micro-sampler. Prior to 
measurements, the aliquots were centrifuged at t(1,000 rpm for 10 min and were 
filtered through 0.22 mm pore sized microtilter (Whatman International, Maidstone, 
UK) directly into a 12 ml black quartz cell while ensuring removal of any trapped air 
bubble. Measured size was presented as an average of 20 scans taken at 25°C. The 
data were analyzed by Dynamics 6.10.0.10 software at optimized resolution. The 
mean R, and Pd was estimated on the basis of an autoeorrelation analysis of scattered 
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light intensity data based on translational diffusion coefficient by Stokes-Einstein 
equation: 
R1, = KT/6iti1 D2' CW 
where Ri, is the hydrodynamic radius, k is the Boltzmann constant, T is the absolute 
temperature, rl is the viscosity of water and D25 ' 	is the translational diffusion 
coefficient. 
4.2.11. Precipitation reaction 
Interaction of hTF (2.5 µM) with varying concentration of TFE (0%-50%) was 
studied in 20 mM tris HCl buffer (pH 7) by turbidity method at 350 nm on Shimadzu 
UV-1700 spectrometer with the help of a cuvette having 1 cm path length. For the 
analysis proper blank of native hTF in buffer was taken into account. 
4.2.12. Rayleigh scattering measurements 
Rayleigh scattering measurement was performed on Shimadzu RF-5301 
spectrofluorophotometer (Tokyo, Japan) in a 1 cm path length quartz cell. The 
excitation wavelength was set at 350 nm and emission was recorded in the range of 
300-400 nm. Both excitation and emission slit width are fixed at 5 nm. Fluorescence 
intensities at 350 nm were plotted. The final concentration of hTF incubated with 
varying concentration of TFE was 2.5 µ'V1. 
4.2.13. TI: T assay 
Fluorescence spectra were recorded with a Shimadzu RF-5301 
spectrofluorophotometer in a 1 cm path length quartz cell. The parameters used for 
the analysis of ThT binding to aggregates were as follows: excitation wavelength was 
440 nm and the emission range was 450-600 nm. Final concentration of hTF was 2.5 
pM while that of ThT was 15 pM (Hudson et al. 2009). ThT was prepared in 20 mM 
tris HCl buffer, pH 7. 
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4.2.14. CR a.,.say 
Aggregation of h I'F was further analyzed by red shift of CR upon binding with 
aggregates. Spectra was recorded in the range of 400-700 rim on Shimadzu UV-1700 
Spectrophotometer by using cuvette having path length I cm. Aliquots were prepared 
in presence of different concentration of TFE with hTF concentration of 1 mg/ml and 
incubated for 4 hours. 60 pl of each aliquot was added to 440 pl of a solution 
containing 10 j.tM CR in 20 mM tris HCl buffer and thus maintaining a ratio of 1:6 
(Eisert et al. 2006). After 2-3 min of equilibration, absorbance was recorded. 
4.2.15. SCGE of'thc' aggregated hTF 
Isolated lymphocytes were exposed to 50 µgm of hTF aggregates (after 
removing TFE by air drying) in a total reaction volume of 1.0 ml of 20 mM tris HCI 
buffer pH 7. Incubation was performed at 37 °C for 1 h. After incubation, the reaction 
mixture was centrifuged at 716.8 g, the supernatant was discarded and pelleted 
lymphocytes were resuspended in 100 l.LL  of PBS and processed further for SCGE 
assay. SCGE assay of protein aggregates was performed under alkaline conditions by 
the procedure of Khan et al. (2012). 
4.2.16. SE.1f a,zalti'sis 
Aggregates were prepared by taking 20 mg/ml of hTF in 20% TFE in two 
aliquots, and incubating it for 24 and 48 h. SEMM1 analysis of the surface and cross-
section of air dried aliquots of hTF aggregate was performed with JSM-6510 LV 
scanning electron microscope (JEOL. Japan). These dried aliquots were mounted on 
carbon tape coated stainless steel grids operating on an accelerating voltage of either 
1 5 or 20 kV and in low vacuum condition. 
4.3. 	Results 
4.3.1. Docking %tud v 
In order to locate the site of interaction between hTF and TFE via solid surface 
model. I lex docking software was employed and it provided information that TFE 
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molecule binds to the hydrophobic core of hTF (Fig. 42). Panel 42a shows TFE and 
hTF in solid surface model in which TFE was approaching hTF and connected via 
intermolecular axis (initial view). In the later stage, panel 42b, TFE is shown in solid 
surface model and is near to the target site (binding site) and hTF is shown in the 
ribbon shaped structure. Later, TFE binds to hTF molecule (panel 42c). Finally, panel 
42d shows a refined view of hTF to TFE excluding solvent molecules and side 
linkages. A quiet significant energy of interaction (-207 kcal/ mole) was observed for 
this reaction. TFE got attached in the protein core via vander vaals forces of 
interaction, thus facilitating unfolding and generation of possible unfolded state. The 
cross marks outside the docked structure shows water of hydration. 
4.3.2. 1,itrinsic fluorescence ineasurements 
Intrinsic fluorescence parameters such as fluorescence intensity and X,,,ar can 
serve as an important tool for studying structural dynamics of protein chromophore 
like Trp. Tyr and Phe. Trp fluorescence was used to probe structural changes in 
protein upon unfolding. Trp fluorescence of hTF at varying concentration of TFE 
(Fig. 43 (a)) incubated for 4 h shows a negligible decline relative to native up to 5%. 
then a boost in fluorescence at 10% followed by a noticeable decline on increasing 
TFE concentration from 15-50% indicating the existence of some non-native species. 
On increasing incubation period for 24 and 48 h, hTF showed the same trend as 
incubated for 4 h with a further decline in fluorescence intensity. This may be due to 
the formation of more ordered aggregates at time incubation resulting in complete 
burial of Trp residues. hTF possesses 8 Trp residues that gives maximum fluorescence 
at 340 nm (Fig. 43 (b), curve 1). In the presence of 5% TFE upon incubation for 4 h, 
slight decrease in fluorescence (0.94 times of native) with 15 nm blue shift in ?,,,ax 
(curve 2) indicates that this state has resemblance with native. State observed at 5% 
TFE may be dry which posses dry interior just like native that make it 
indistinguishable from native using Trp fluorescence. Further, addition of TFE up to 
15% (curve 3) results in decrease in fluorescence along with a red shift of 5 run 
relative to 5% TFE. Decline in fluorescence may be attributed to the exposure of 
initially buried Trp residues in native state to water upon partial unfolding as well as 
loose packing. Thus, this state has wet nature. Addition of 20% TFE to hTF results in 
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Fig. 42: Docking studies. (a) Approach of TFE to the h'TF molecule in the form of 
solid surface model: (b) closeness of TFE to the binding site: (c) binding of TFE to 
hTF and (d) Docked structure of hTF and TFE. TFE is trapped in the interior of the 
hTF molecule. hTF is displayed in the ribbon structural torm and TFE represents a 
sphere. 
155 
Chapter In) 
40 
35 
E 
30 
u 
25 
,~ 20 
E" 
CC 
15 
0 5 10 15 20 25 30 35 40 45 50 
ITFE] (%v/v) 
Fig 43 (a): Trp fluorescence. Relative Trp fluorescence of hTF (at 320 nm) 
incubated with varying concentration of TFE for 4 (•), 24 (•) and 48 (A) h. hTF 
concentration was 2.5 µM and the path length of cuvette was 1 cm. Excitation 
wavelength was 295 nm and emission range was 300-400 nm. Error bars indicate the 
mean ± SD (n = 3). 
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Fig. 43 (b): Trp fluorescence. Tip fluorescence emission spectra of native hTF in 20 
nAl tris HC'! butter, ph 7 (curve 1); curve 2, 3 and 4 represents hTF incubated with 
5%. 1 °o and 20% TFE. h"1'F concentration was 2.5 iM and the path length of cuvette 
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a clear reduction in fluorescence along with a significant blue shift of 30 nm. This 
may be due to more internalization of Trp residue to the hydrophobic interior owing 
to aggregation (Li et al. 2002) or due to the quenching of Trp fluorescence by 
protonated groups like Asp or Glu which comes in proximity of Trp upon unfolding. 
This was further confirmed by acrylamide quenching and ANS fluorescence studies 
4.3.3. Acrylamicle quenching studies 
To analyze whether decline in Trp fluorescence is either due to internalization of 
Trp residue augmenting to aggregation or clue to quenching by protonated groups 
acrylamide quenching was studied. Fig. 44 shows the Stern-Volmer plot for hTF 
incubated with varying concentration of TFE whereas their respective 	and 
values has been displayed in Table 6. hTF possess 8 Trp residues that shows i.max at 
340 nm. Acrlyamide quenching at 20% TFE in hTF at different h incubation was 
found to be accompanied with a blue shift Of ? m  giving an idea that individual Trp 
residues are differently exposed to the quencher. Fig. 44 shows increase in acrylamide 
quenching in hTF at 20% TFE on increasing time incubation from 4 to 48 h 
suggesting internalization of Trp residues upon aggregation. Results of Trp analogue 
NATA are also included as a standard for complete accessibility to quencher. 
4.3.4. ,,INS Fluorescence measurements 
Various folding intermediates can be distinguished from their native or fully 
denatured form by implying the use of ANS dye. Partial unfolding of protein exposes 
hydrophobic patches to the protein surface and ultimately to dye, which binds it and 
shows enhanced fluorescence along with a prominent blue shift (Park et al. 2011). 
hTF in the native state shows very less fluorescence (Fig. 45 (a) curve 1) but in the 
presence of 5% TFE (curve 2) there is a slight increase in fluorescence (-1.7 times of 
native) indicating less accessibility of the dye to the hydrophobic patches. Here a 
prominent blue shift of 10 nni was observed. Further, increase in TFE concentration 
results in unfolding of protein and exposure of hydrophobic patches to the dye. At 
15% TFE (curve 3) maximum ANS fluorescence (10 times of the native) 
accompanied with a blue shift of 10 nm was observed indicating exposure of 
hydrophobic patches on the surface, this state was regarded as wet state. A 
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Fig. 44: Acrylamide quenching. Stern-Volmer plot obtained from acrylamide 
quenching of hTF at ?U°„ TFE incubated for 4(s). 24 (x) and 48(A) h. NAT: (•) 
and hTF (■) alone are also shown. Values shown are the ratios of fluorescence in the 
absence of acrylamide (F) to the fluorescence at the given concentration of quencher 
(F). Protein concentration for hIF was 1 5 tM. Path length was I cm and the 
excitation wavelength was 295 nm. 
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Table 6: Acrylainide-quenching parameters of hTF in different conditions. The 
excitation wavelength was 295 nm. 
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Fig. 45 (a): Extrinsic fluorescence. ANS emission spectra of native hTF (curve I); in 
the presence of 5% TFE (curve 2); 15% TFE (curve 3) and 20% TFE (curve 4) alter 
incubation at 25°C for 4 h. Excitation wavelength was 380 not and emission range 
was 400-600 nm hTF concentration was 2.5 µM whereas ANS was added in 100 
molar excess of protein concentration. 
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progressive increase in TFE concentration up to 20% results in a red shift of 5 nm 
relative to wet state (curve 4). This shift is accompanied with the reduction in ANS 
fluorescence owing to internalization of hydrophobic clusters upon aggregation of 
protein. Relative ANS fluorescence intensity of hTF with varying concentration of 
TFE (Fig. 45 (b)) shows an initial increase in fluorescence up to 15% TFE followed 
by a decrease at 20% TFE with increase in incubation time. After 20% TFE, there is 
no prominent change in the ANS fluorescence indicating that complete transition had 
taken place. 
4.3.5. A TR-FTIR analysis 
ATR-FTIR spectra of hTF display its peak in the range of 1615-1630 and 1651-
1657 cm-I (Fig. 46, curve 1) similar to the peaks obtained in the Fe-binding protein of 
transferrin family, Lactoferrin. These ranges corresponds to 13 -sheet and a-helix 
respectively, indicating that hTF consists of both these conformations. Upon gradual 
addition of TFE. there is increase in 13 -sheet content at the expense of a-helix. At 5% 
TFE (curve 2), spectrum was similar to the native state but with reduced intensity 
indicating the presence of both types of conformation. At 15% TFE (curve 3). there is 
a shift in peak from 1615 to 1627 cm" i.e., towards more 13 -sheet structure but there is 
still some amount of a-helical structure as is depicted from the intensity in the range 
of 1651-1660 cm1. Thus, these states possess structure similar to the native state and 
fits well into the criteria of MG. With further addition, at 20% TFE (curve 4), 
aggregates were observed by the visible turbidity in the solution and the FTIR spectra 
shows more intense peak at 1627 cm- ' (mirrored with the decrease at 1651 cm1). As 
aggregates are known to possess high 13-sheet content, this state can be attributed as 
aggregated state. When this aggregated state was further incubated for 20 lh (total 24 
h) more intense peak at 1627 cm- ' (curve 5) at the expenditure of peak at 1651 cm-1  
was noticed. On the contrary, after 48 h incubation, peak from 1627 shifted to 1620 
cm1  and a new peak emerges at 1695 cm1  (curve 6). 
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Fig. 45 (b): Extrinsic fluorescence. Relative ANS fluorescence intensity (at 480 nlll) 
of hTF incubated with varying concentration of TFE for 4 (•). 24 (•) and 48 (A) h. 
Excitation wavelength was 380 nnl and emission range was 400-600 nm. hTF 
concentration was 2.5 µM whereas ANS was added in 100 molar excess of protein 
concentration. Error bars indicate the mean = SD (n — 3). 
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Fig. 46: ATR-FTIR analysis. ATR-FTIR spectra of native hTF (curve 1), in 5% TFE 
(curve 2), 15% TFE (curve 3) and 20% TFE (curve 4) incubated for 4 h. Curve 5 and 
6 represents hTF at 20% TFE after 24 and 48 h of incubation respectively. Protein 
concentration was 75 µV1 and absorbance was recorded in the amide I region in the 
range of 1710-1550 cm" . 
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4.3.6. CD spectroscopy 
CD measurements can provide valuable information about the secondary and 
tertiary structural changes. Two negative bands were observed in the far-UV CD at 
208 and 222 nm suggesting the presence of cue-helix structure (Fig. 47 (a), curve I) in 
the native hTF. A shallower valley at 222 nm is evocative of structure other than u-
helix (Shang et al. 2007). This depicts the existence of a-sheet and random coil 
structure in hTF similar to the family member. Lactoferrin (Xavier et al. 2010). Dry 
state obtained at 5% TFE resembles to native in its secondary structure content (curve 
2). Thus, it qualifies to be a DMG. On addition of 15% TFE, although there is 
prominent reduction in u-helical content (curve 3), presence of secondary structure in 
this wet state comparable to native hTF confirms its WMG-like nature. Moreover, 
[O]2[0]222 which usually depends on structural element packing, was also calculated 
at different conditions. Values obtained for MG states at 5% and 15°%o TFE were 1.19 
and 1.2 respectively (Table 7) which lies well into the range of values (1.1-1.4) 
obtained for MG for many other proteins (Vassilenko cat al. 2002). However, addition 
of 20% TFE for 4 hrs resulted in shift of peak to 215 (curve 4) nm whereas this peak 
shifts further to 220 nm after 24 hrs incubation (curve 5). These peaks are 
characteristic of' fl-sheet conformation. Further incubation of this state for 48 hrs 
resulted in prominent peak at 213 nm (curve 6), specific for intermolecular n-sheet, 
which implies a decrease in u-helical content and increase in it-sheet and random coil 
structure. In all these cases, [0]2( /[0J22 values lies far below the value of native as 
well as MG states. Possible reason for this may be the rearrangement by 
aggregation'loss in u-helical content of proteins. However, changes in a-helical 
content at different conditions has been depicted in "liable 7. Moreover, tertiary 
structure stability was followed by observing spectral changes at 272 nm (Fig. 47 
(h)). Native state shows prominent tertiary structure followed by slight reduction in 
%IRE values of 5°-% and I5% TFE induced states. This suggests that in these states 
tertiary contacts of native are retained. As MG states are known to possess prominent 
tertiary structure, these states qualifies to he MG states. At 20°.%o TFE, a prominent 
loss in \IRE value of about 6 and S times was observed on incubation of hTF for 24 
and 48 h respectively. 
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Fig. 47 (a): CD spectroscopy. Far-CV CD spectra of hTF incubated with varying 
concentration of TFE. Curve I shows native state whereas curve 2 and 3 shows states 
incubated for 4 h at 5% and 15% TFE respectively. Curve 4 and 5 shows hTF at 20% 
TFE upon incubation of 24 and 48 h respectively. Protein concentration was 3.75 µM, 
path length was 0.1 cm and recoding range was 200-250 nm. 
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Table 7: Structural propensities of different states of human transferrin (hTF) as 
studied by CD 
SfT1 tfltiji I 	; 
1 	 1 	I 	1 
\ati 	c li 1 1 pH 7. 25CC. 4 h - I 9328.6 56.UO 1.21 
Dry 	Molten pH 7. 25°C. 4 h, -17909.4 51.38 1.19 
Globule 5% TFE 
(DMG) 
Wet 	Molten p11 	7. 25°C', 4 h, -14534.5 40.24 1.2 
Globule 15°„ I'FE 
(WMG) 
Aggregate pH 7, 25°C. 4 h. -12667.0 33.86 0.99 
20% TFE 
Prefibrillar p1-17,25°C. 24 1i, -10931.1 25.35 0.68 
aggregate 20% TFF. 
Fibrillar ph 7. 25°C. 48 h, -9187.6 23 0.69 
aggregate 20% TFE 
u-helical content was computed using DICTIROWEB software (Efiink & GhFe 
1982) with the help of K2D algorithm (Marcon et (1l. 2005). 
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Fig. . 47 (b): CD spectroscopy. Alterations in MRE observed at 272 nm upon 
incubation of hTF at 5% and 15% TFE for 4 h and at 20% for 24 and 48 h. Protein 
concentration was 25 ytM. Path length was 1 cm and recording range was 250-30(l 
nm 
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4.3.7. SEC 
SEC was performed in hTF on Sephadex G-200 column in order to check the 
molecular mass of aggregates observed at 20% TFE after 48 h. The gel filtration of 
hTF on Sephadex G-200 column confirms the molecular mass of 80.000 Da (Tile 
elution volume corresponds to the molecular mass of native hTF). The column was 
also calibrated with molecular markers like Urease. Myosin, GOD, BSA etc. Addition 
of aggregated species obtained after 48 h incubation of hTF at 20% TFE. shows 
decrease in elution volume (Fig. 48). 
4.3.8. DLS anult ,sis 
Changes in the R,, of hTF upon incubation with different concentration of TFE 
for different time period was analyzed by DLS study. Rh values and % Pd has been 
calculated and shown in Table 8. hTF in the native state shows Rh of 3.71 rim and Pd 
of 15.5%. The Ri, value of native hTF is consistent with the previous studies 
(Armstrong et al. 2004). In DMG and WHIG states, the observed Ri, values were 
slightly less whereas % Pd values are higher than the native term signifying 
homogeneity in the solution and compact nature of the states. However, in the 
presence of 20% TFE after 48 h incubation, there is tremendous increase in Rh and an 
abrupt increase in % Pd values indicating that solution consist of heterogeneous 
species. 
4.3.9. Precipitation reaction and rayleigh scattering nneasurements 
The precipitin reaction curve of hTF incubated for 4 h in the presence of varying 
concentration of TEE has been shown in Fig. 49 (a). Turbidity was monitored 
spectrophotometrically by change in absorbance at 350 nm, a wavelength where 
absorbance of most of the proteins is negligible. The result depicted aggregation of 
hTF at 20° o TFE for 4 h as -4 times enhancement in turbidity was observed compared 
to native. On further incubating hTF at 20% TFE for 24 and 48 h. -5.5 and 7.5 times 
amplification in fluorescence intensity was observed compared to native (Fig. 49 (a), 
inset). Determination of light scattering is a very sensitive probe for detection of 
protein aggregation. here degree of light scattering in the presence of varying 
concentration of TFE incubated for 4 h have been measured (Fig. 49 (h)). A clear 
transition from native to aggregated state was observed from light scattering by hTF. 
A prominent increase in light scattering (-7 times of native) of hTF incubated at 20% 
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Fig. 4S: Gel chromatography. Gel filtration on Sephadex G-200 of native hTF and 
at hTF incubated with 20% TFE incubated for 48 h. The protein concentration was 
125 µM. Native hTF and aggregated states were eluted in tris HCI butler pH 7. 
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Table 8: Rh and % Pd of hTF in the presence and absence of TFE as analyzed by 
dynamic light scattering studies. 
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Fig. 49 (a): Precipitation analysis. Turbidity measurement of hTF as a function of 
varying concentration of TFE incubated for 4 h. Inset: Relative turbidity of hTF (at 
350 nm) incubated with 20% o TFE as a function of different time period. hTF 
concentration was 2.5 iM and path length was 1 cm. Protein concentration was 2.5 
[tM and path length was I cm. Error bars indicatethe mean f SD (n = 3). 
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TFE was observed after 4 h incubation suggestive of initiation of aggregate formation 
(Santiago er al. 2010).On incubating hTF at 20% TFE for 24 and 48 h, an 
enhancement of I0 and 14 times in light scattering intensity was observed indicating 
amplification in aggregation process on increasing the incubation time (Fig. 54 (h), 
inset). Although turbidity and light scattering are not expected to be linearly 
proportional with aggregation, our results have shown increase in turbidity and light 
scattering with formation of higher order aggregates. Thus, it can be concluded that 
with progression of time, intensity of aggregation process has increased. 
4.3.10. ThT & SEManalysis 
ThT is a well known probe to detect AF upon binding with later and ensuing 
enhanced fluorescence (Khurana et ul. 2005). Thus, this assay was performed to 
analyze the nature of induced aggregates. Native hTF shows negligible fluorescence 
intensity upon binding with ThT indicating absence of aggregation (Fig. 50 (a)). 
Upon gradual increase in TFE concentration, there is progressive increase in 
fluorescence reaching maximum at 20% TFE confirming the presence of aggregates 
at 4 h incubation. After this concentration, there is no prominent increase confirming 
that aggregation process is complete, When ItTF at 20% TFE was analyzed after 24 
and 48 h, an enhanced fluorescence of -83 and —117 times of native was observed. 
Moreover, signidal time course of amyloid-like fibrils formation of hTF was 
conveniently monitored via ThT (Fig. 50 (b)) and SEM analysis (Fig. 50 (c-f)). In this 
study, different types of fibrils are observed to appear in a time dependent manner. 
After 24 It incubation, PF are formed and are defined as small fibrillar aggregates 
(Fig. 50 (c)) formed during exponential growth phase of the fibril growth curve (Fig. 
50 (b)). On the contrary, AF being longer in size (Fig. 50 (d)), are formed later during 
the time course i.e. during stationary phase after 48 h incubation. Mature fibrils are 
found to he much longer and stiffer than PF. Also, figure shows assembly of PF into 
AF (Fig. 50 (e)) utter 48 h incubation and the curved nature with unbranchcd 
morphology has been depicted in Fig. 50 (t). 
4.3.11. CR assay 
hTF in the native state shows its ,,,,, at 490 nit with very less absorbance (Fig. 
51, curve I). Upon addition of 20% TFE and 4 h incubation, red shift of 10 nm along 
with increase in absorbance suggestive of aggregate formation (curve 2) was 
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Fig. 49 (b): Rayleigh scattering measurements. Rayleigh measurement of hTF as a 
function of varying concentration of TFE incubated for 4 h. Inset: Relative Rayleigh 
scattering (at 350 nm) of hTF at 20% TFE as a function of time. hTF concentration 
was 2.5 µM and path length was 1 cm. Protein concentration was 2.5 tM and path 
length was I cm. Error bars indicate the mean ± SD (n = 3). 
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Figure 50: ThT fluorescence and SEM analysis. (a) Relative ThT fluorescence 
intensity as a function of increasing concentration of TFE. The aliquots were 
incubated for 4 (•). 24 (•) and 48 (A) h at 25°C. (b) Kinetics of formation of 
amyloid-like structure as is monitored by ThT binding. Protein concentration was 2.5 
µM and ThT was 15 µM. Excitation wavelength was 440 nm whereas emission was 
recorded in the range of 450-600 nm. SEM images of PF (c), AF (d), PF forming AF 
(e) and curved nature of AF (t). Protein concentration for SEM analysis was 20 
mg/ml. Error bars indicate the mean ± SD (n = 3). 
175 
C1 apter ry 
observed. After 24 h, hTF at 20% TFE shows a red shift of 14 nm (curve 3) and 48 h 
incubation results in a red shift of 25 nm (curve 4). These results shows that after 24 
h, PF are formed and after 48 h AF are produced as later shows a greater red shift. 
4.3.12. SCGE of the aggregated h TF 
To check the genotoxic ability of PF and AF of hTF at 20% TFE, SCGE was 
performed. Negative control (without any treatment) and positive control (3 ml of 
methyl methane sulfonate (25 mg/ml)) treatment shows a tail length of 4 and 20 pm 
respectively (Fig. 52 (a) and (b)). Addition of PF (hTF incubated with 20% TFE for 
24 h) to lymphocytes results in an enhanced tail length of 10 nm (Fig. 52 (c)). Bar 
graph of tail lengths has been shown in Fig. 52 (d). Also, AF (hTF incubated with 
20% TFE for 48 h) does not show any prominent increase in tail length compared to 
native which confirm its inert nature. 
4.4. 	Discussion 
Every polypeptide possesses a natural tendency which can lead to the 
transformation of native protein to toxic aggregates in the presence of destabilizing 
conditions (Stefani 2004). Determination of sequential alterations induced by TFE on 
hTF was analyzed using steady state Trp and ANS fluorescence, CD, FTIR, SEC, 
DLS, precipitation reaction, Rayleigh scattering, ThT, CR, SCGE and SEM analysis. 
This work pointed out the presence of DMG, WMG, aggregated, pre-fibrillar and 
fibrillar states. Decrease in Trp fluorescence of hTF with varying TFE concentration 
upon increasing incubation time may be due to the formation of more ordered 
aggregates resulting in complete burial of Trp residues. Also reduced acrylamide 
quenching was observed owing to more internalization of Trp residues of protein 
signifies more aggregation. 	value of NATA were significantly higher than those 
in the native and aggregated state along with red shift signifying that even in the 
native state, Trp residues were not fully accessible. hTF at 5% TFE showed slight 
increase in ANS fluorescence indicating less approach of ANS to the hydrophobic 
patches whereas at 15% TFE. a prominent increase in fluorescence was recorded. 
Increase in fluorescence may be due to the binding of ANS dye to the water exposed 
hydrophobic patches of the protein molecules, hence called wet state (Jha & 
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Fig. 51: CR assay. CR absorption spectra of native hTF (curve 1), hTF with 20% 
TFE incubated for 4 (curve 2), 24 (curve 3) and 48 (curve 4) h. Protein to CR ratio in 
the aliquots was 1:6. Absorption was recorded in the range of 400-700 nm. 
177 
26 
r 
v 15 
M 
10 
0 
Chtapter IV 
C 	Al 	A2 	PC 
Tnsbiw nts 
Fig. 52: SCGE anal ysis. SCGE images of lymphocyte nuclei damage in negative 
control (a); in presence of methyl methane sulfonate (25 µg/ml) as positive control 
(b): in the presence of hTF at 20% TFE incubated for 24 h (c) and Lymphocyte DNA 
breakage in negative control (NC), treated by hTF at 20% TFE after 24 h incubation 
(A2) and 48 h (Al) and treated by 3 µl of methyl methane sulfonate (25 µg/ml) as 
positive control (PC) (d). Protein concentration was 50 µg. Error bars indicate the 
mean ± SD (n = 3). 
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Udgaonkar 2009). Further addition of TFE resulted in decrease in fluorescence 
probably due to the internalization of hydrophobic clusters. Similarly, increase in 
incubation time results in further decrease in lluorescenee, This decrease may be 
attributed to the fact that increase in incubation time results in the formation of more 
ordered aggregates, which on the other hand, render the dye incapable to approach the 
hydrophobic clusters. ATR-FTIR spectra showed both nc-helix and (3-sheet like 
structure in the native state which slowly transform towards Is-sheet upon addition of 
TFE. After 24 firs, at 20% TFE, pure (i-sheet specific peak was detected at 1627 cm-1  
which shift to 1620 cm' with the etnergence of a new peak at 1695 cm 
corresponding to intermolecular P-sheet structure (Dung er al. 1998) after 48 h. As 
different peaks exist in the aggregates formed at 24 and 48 It incubation, there is 
possibility of formation of PE and AF at these time intervals. Also, differences in their 
peak positions highlight the fact that although both these states possess n-sheet 
conformation, but these conformations differ in their internal structure (Tram & 
Naeem 2013). CD spectroscopy also confirms the findings of FTIR study. States at 
5% and 15% TFF. showed slight reduction in tertiary content but at 20% TFF, 
prominent reduction in MRE was recorded after 24 and 48 h. This confirms altered 
tertiary conformation in these states. This may be due to the formation of new 
contacts. probably hydrogen bonding, which ultimately results in aggregation. 
Aggregated state observed at 20% TFE after 48 h shows decrease in elution volume in 
SEC. The reason behind this may be the loosening of tertiary contacts of protein in the 
presence of TFE has taken place (Naeem ei al. 201 I). This loosening initially results 
in the formation of small aggregates that cohere with each other to form larger 
aggregates possessing large hydrodynamic radius and thus decreased elution volume. 
This result further supports CD and FTIR observations in this study. DLS study 
confirmed the presence heterogeneous species in solution after 48 h at 20% TFE by 
showing enhanced Rh and % Pd values. This increase in Rh value may be possibly due 
to the formation of cross-linking of protein molecules resulting in expansion and 
giving rise to aggregates. Similar pattern was found in the apparent molecular mass of 
aggregates as detected by SEC. Precipitation and raylcigh light scattering also showed 
enhanced values after 24 and 48 h incubation confirming more aggregate formation. 
When aggregates formed at 20% TFE were subjected to ThT assay, an enhanced 
fluorescence of -83 and -117 times of native was observed after 24 and 48 It 
respectively. This confirms the structural alteration in native hTF and formation of Pp 
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structure after 24 h and AF after 48 h. When molecules of ThT get immobilized in the 
specific binding sites of amyloid structure, an enhanced fluorescence was observed. 
Here, thiozole ring of dye and hydroxyl group of protein forms hydrogen bonds 
resulting in dye binding to the amyloid structure (Khurana et al. 2005). These results 
confirm the formation of aggregates with fibrillar structure and thus rule out the 
possibility of amorphous aggregates. Moreover. SEM showed the morphology of 
aggregates at different time intervals. Small fibrillar aggregates were observed after 
24 h whereas long fibrils were observed after 48 h. All these observations and kinetics 
confirms the fibrillar nature of the aggregates formed after 48 h. CR also showed red 
shift upon binding with aggregates. Aggregates formed at 48 h shows maximum red 
shift followed by 24 and 4 h. Binding of long and flat shape CR requires a groove of 
at least 6 continuous 3-strands in a u-sheet. This type of groove is trademark of AF 
surface (Wu et al. 2007). Thus, CR assay confirmed the nature of aggregates to be 
AF. Mechanism of CR binding to the AF involves formation of hydrogen bond 
between hydroxyl group of the fibril and amino group of the dye (Puchtler et al. 
1962). Thus, above two results corroborate our FTIR and CD results that inter-
molecular hydrogen bonding in involved in the structure of AF formed in hTF 
incubated with 20% TFE for 48 h. SCGE of aggregates at 20% TFE after 24 h showed 
a prominent tail length of 10 nm whereas those formed after 48 h did not showed any 
increase in tail length giving the idea that PF assembly is capable of inducing DNA 
damage in isolated lymphocytes and is potentially genotoxic in nature. Toxic effect 
caused by these PF can be categorized in two ways. In one way, it can directly cause 
destabilization of cell membrane by either firming pores or by permeation effect of 
amyloidogenic bundles. Secondly, it can indirectly affect cellular machinery which 
finally results in cell death. Harm to cellular mechanism can be caused via generation 
of reactive oxygen and nitrogen species, abnormalities in cell redox system, loss of 
functional protein after aggregation, hyper-phosphorylation of protein in the 
aggregativc protein deposits and finally rise in unbound Cat that eventually results in 
cellular necrosis (Porta et al. 2006). 
4.5 	Conclusions 
An escalating number of evidences suggest that amyloid formation is the generic 
property of polypeptide chain but the ability of different proteins and different region 
of protein to form such structures differ significantly. Thus, if a polypeptide is 
incubated under different conditions, it is possible to promote amyloid formation. 
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From this study on hTF support this idea and indicate that if appropriate conditions 
are provided for a long time, formation of PF and AF is the intrinsic property of 
polypeptide chain rather than limited to a few aberrant sequences (Fig. 53). A chief 
attraction for using hTF as a model protein for studying amyloid formation is its 
possible effectiveness for understanding how a soluble protein gets transformed into 
AF via following route: 
hTF (native) o DMG —► WMG 	— Aggregates 
5% TFF 	15% TFF. 	20% "1'FF 	20% TFE 
4h 
	 4h 
	
4h 	 24h 	Kinetic states 
PF 
	
Equilibrium states 
	
1, 20% TFF. 
AF 4Rh 
The necessity of understanding the specific kinetic and thermodynamic factors 
that cause imbalance to the equilibria between various possible states that are 
accessible to a given amylogenic protein is the basic factor that underlies 
understanding the source of a particular amyloidosis. The ability to design conditions 
under which fibrillation can be observed with a wider range of proteins than those so 
far identified in specific diseases gives us the opportunity to investigate in detail the 
mechanism of the underlying process and hence to explore the factors that predispose 
individual sequences to form ordered aggregates under particular conditions. This 
could be an important factor in the development of strategies to combat the formation 
of amyloid deposition in those diseases with which they are associated. Form this 
study it can be concluded that AF formation is not a single step process, rather it 
involves formation of various intermediates (DMG, WMG and PF). Initial during 
early stages of unfolding DMG state is formed having dry interior later as soon as 
water molecule approaches this, it converts to WMG and then ultimately aggregation 
takes place. Need of in vitro AF characterization arises from the fact that AF or the 
formation of AF is the causative factor in commencement of disease and/or 
progression (Kelly 2002). This theory has been supported by the toxic nature of AF 
intermediate (PF) to lymphocyte DNA. This study however can provide greater 
insight into the normal protein folding and evolution. Beside relationship of AF to 
human diseases, highly ordered arrangement of AF has ignited the use of AF for 
nano-technology and other application in material sciences (Nilsson 2004). 
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Fig. 53: Outline of the work. Diagrammatic representation of overall transitions 
taking place in hTf" in presence of "l l E. 
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Amani S, Naeem A. Acetonitrile can promote formation of different structural 
intermediate states on aggregation pathway of immunoglobulin G from human and 
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5.1. 	Introduction 
Protein aggregates can elicit immune response in body or sometimes they may 
affect vital body functions. It may he possible that more than one pathway occurs for 
the same product or a single protein may undergo aggregation by different 
mechanisms (Philo & Arakawa 2009). Aggregation may occur by reversible 
association of native protein monomers or by association of modi tied monomers. Still 
there are two more mechanisms that can be possible. These are nucleation-controlled 
mechanism and surface induced aggregation mechanism (Philp & Arakawa 2009: Chi 
et al. 2003). 
There are various compounds that can denature proteins and form aggregates in 
solution. Organic solvents alter the native tertiary structure of proteins by disrupting 
the interactions between the non-polar side chains of the amino acids. Relatively high 
concentrations of these solvents are required to unfold the ordered secondary structure 
ofpolypeptide chains (Tantord 1968, Herskovits & Jailet 1969). Higher concentration 
leads to the decrease in polarity of the surrounding medium of protein and thus 
increases hydrophohicity of the environment which ultimately disrupts its secondary 
structure (Hirarnatsu & Yang 1983). ACN also known as cyanouethane, is an organic 
solvent that is toxic in nature and have ether like odour. It is mainly used in 
pharmaceutical industries for the assessment of potency and impurity level of drugs. It 
is also used to extract fatty acids from animal and vegetable oils and is a very 
common organic solvent used in protein purification by reverse phase high 
performance liquid chromatography. Exposure usually occurs in the industries where 
ACN is either produced or used. Though unlikely, the general population may be 
exposed by breathing in the chemical, by drinking contaminated water from a facility 
using or storing ACN, by skin or eye contact with the vapour or liquid, or by eating 
food that has been contaminated with ACN. It is also found in cigarette smoke and 
automobile exhaust. Thus there are various routes for the exposure of ACN to human 
beings and thus it can cause harmful effect to them. 
Igs are family of globular proteins with antimicrobial and other protective 
bloactivities. lgG are antibody molecules that are made up of two heavy and two light 
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chains linked by disulfide bonds. Secondary structure of IgG molecule is 
characterized by different structural elements of at least twelve domains composed 
mainly of antiparallel 13-sheets and 13-turns stabilized by hydrogen bonding (Marquart 
el al. 1980; Deisenhofer 1981). IgG is the most abundant Ig in the body (--73%) and is 
secreted by plasma cells. Deficiency of IgG can cause opportunistic infection 
especially bacterial infection; recurrent ear infections, sinusitis, bronchitis and 
pneumonia. Very rarely, IgG deficient patients have suffered recurrent episodes of 
meningitis or bacterial infections of the bloodstream (e.g. sepsis). Enrichment of 
bovine Igs in infant formulae and other foods may help to reduce viral and microbial 
infections (Li et al. 2006) and may provide improved immune activity to the 
consumers, although some researchers suggest that certain bovine Ig subclasses may 
display detrimental effects (Kulczycki et al. 1987). Bovine blood serum has got 25 
mg/ml whereas human blood serum has only 12.1 mg,'mI of IgG (Milstein et al. 
1999). 
Keeping exposure conditions of ACN in mind, present work tries to investigate 
the effect of ACN in vitro on IgG from human and bovine by mimicking in vivo 
conditions. 
5.2. 	Materials and methods 
5.2.1. -Tlaterials 
hIgG and hlgG were purchased from Genei (Bangalore, India); ACN was 
purchased from Qualigens fine chemicals (Mumbai, India); ANS and ThT were 
bought from Sigma (St. Louis. MO, USA). 
The stock solution of protein (5mg/ml) was prepared in 20 mM sodium 
phosphate buffer of pH 7.2 and it was then dialyzed in the same buffer. Concentration 
of native protein in 20 mM sodium phosphate buffer, pH 7.2, was determined by UV 
absorption at 280 nm on a Shimadzu UV-1700 spectrometer using extinction co-
efficient of 13.6 and 13.5 A!1%/l cm ti)r hIgG and bIgG respectively (Prahl 1967). 
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5.2.2. Effect of A('N on hIgG and bIgG 
Aliquots of hIgG and blgG were prepared separately with varying concentration 
of ACN i.e. 0%-80% at pH 7.2 and then these aliquots were incubated for 4 h before 
perfimning spectroscopic measurements. All the measurements were carried out at 
room temperature. Three replicates for each set were analyzed for the results. 
5.2.3. Iutrin.~ic fluorescence measurements 
The fluorescence spectra were recorded on a Shimadzu RF-5301 
spectrofluorophotometer (Tokyo, Japan) in a 10 mm path length quartz cell. The 
excitation wavelength was 280 nm and the emission was recorded in the range of 300-
400 urn (Stryer 1968). The final concentration hIgG in the aliquots was 1.33 µM and 
blgG was 1.25 .tM. 
5.2.4. .1:\'S fluorescence inc'asurements 
,-DNS binding was measured by fluorescence emission spectra with excitation at 
380 urn and emission was recorded from 400-600 urn (Matulis et al. 1999). Typically, 
ANS concentration was 100 molar excess of protein concentration (Matulis & 
Lovrien 1998) and protein concentration was 1.33 pM for hlgG and I.25 pM for 
bigG. 
5.2.5. .-11 TR-FTIR spectroscopy 
FTIR spectra were recorded with an Interspec 2020 FTIR spectrometer in 
deuterated water. Protein concentrations of the aliquots were 1.25 pM for hIgG 
whereas 1.33 pM for hIgG. The scanning wave number was from 1000-4000 cnm-1. 
5.2.6. CD .tipectroscopi, 
CD was measured with a JASCO J-815 spectropolarimeter calibrated with 
ammonium D-10-camphorsulionate. Cells of path lengths 0.1 and 1 cm were used for 
scanning between 250-190 and 350-250 nni respectively. Each spectrum was the 
average of 4 scans. Protein concentration for the scans was 1.33 µ1e1 for far-UV of 
hlgG and tt)r hIgG this concentration was 1.25 1tM for far-UV CD. 
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5.2.7. Tit T fluoresce►:ce 
Fluorescence spectra were recorded with a Shimadzu RF-5301 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength was 440 nm and the emission was recorded from 450-600 nm. For 
aggregation studies ThT was added to the aliquots incubated for 4 h and then readings 
were taken and spectra were recorded after 24 h. Final concentration of protein in the 
aliquots was 1.25 pM and 1.33 pM for bIgG and hlgG respectively while the 
concentration of ThT was 10 µM. ThT was prepared in 20 mM sodium phosphate 
buffer. pH 7.2. 
5.3. 	Results 
5.3.1. I,►tri»sic fl►►ore.scence measurements 
Proteins contain three aromatic amino acid residues (Trp, Tyr and Phe) which 
may contribute to their intrinsic fluorescence. The intrinsic fluorescence maximum is 
an outstanding parameter to monitor the polarity of the Trp atmosphere in the protein 
and thus it is very responsive to the protein environment (Stryer 1968). Intrinsic 
fluorescence spectra of bIgG and hlgG incubated with varying concentration of ACN 
(0%-80%) has been shown in Fig. 54 (a) and (b) respectively. Curves 1-7 represent an 
increase in fluorescence intensity with increasing concentration of ACN in the 
protein. Maximum fluorescence intensity in hlgG was found in the presence of 60% 
ACN (curve 7). The increase in fluorescence intensity at 60% ACN was —3.5 times 
(curve 7) as compared to native protein (curve 1) with ,,,,Y at 342 nm, indicating a red 
shift of 2 nm. This suggests exposure of Trp residues in bIgG from non-polar to polar 
environment at 60% ACN. This state can be considered as intermediate state or most 
probably MG state. Most of the signals in fluorescence are contributed by Trp 
residues. Almost all of the Trp residues in bIgG remain buried in the native state and 
in the presence of ACN they got exposed and show enhanced fluorescence. It is 
interesting to observe over here that with further increase in concentration of ACN a 
decline in fluorescence intensity was observed (curves 8-9). It can be seen that 80% 
ACN showed 2.5 times increase in fluorescence intensity compared to native protein 
with a prominent red shift of 11 nm. Similar results are reported by Kumar et al. 
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(2004) and Naeem et al. (2005) on different proteins. Fig. 54 (b) shows increase in 
fluorescence intensity with increasing concentration of ACN (curve 1-6) and the 
highest intensity was recorded in hIgG with 50% ACN (curve 6). This state of 
maximum intensity can be regarded as MG state. Here increase in intensity is —4 
times with no shift in peak. Both native and MG states show maximum intensity at 
341 rim. After this, there is a decrease in Trp fluorescence intensity with further 
addition of ACN (curve 7-9) having minimum intensity at 80% ACN which is — half 
of the native protein. It is surprising to note down here that in comparison to the 11 
nm red shift in bigG, there was no shift of peak in hIgG. Fig. 54 (c) depicts relative 
fluorescence intensity of blgG arid hlgG. initially, there is an increase in fluorescence 
intensity of hIgG compared to bIgG due to increase in unfolding and exposure of Trp 
residues but after attaining its maximum in 50% ACN it shows a decrease in intensity. 
This decrease may be attributed to loss in structure of hIgG more in comparison to 
blgG at higher ACN concentrations. On the other hand, bIgG shows its maximum 
fluorescence intensity at 60% ACN but is less in magnitude than the maximum 
intensity observed in hIgG at 50% ACN. blgG fluorescence intensity was high at 
60%. 70% and 80% ACN concentrations than hlgG. 
5.3.2. .-L\S J1uoresa',tce clews, re» rents 
The intermediate state induced by ACN was further confirmed by extrinsic 
fluorescence studies. MG states of proteins can be detected by binding of ANS to the 
hydrophobic region of protein that ultimately results in an increase in fluorescence 
intensity (Das et al. 1998; Matulis ct al. 1999). Fig. 55 (a) depicts ANS fluorescence 
emission spectra of bIgG incubated with different concentration of ACN (0%-80%). 
Native blgG shows a negligible ANS binding (curve 1) while blgG in presence of 
60% ACN (curve 7) shows enhanced ANS fluorescence intensity. This enhancement 
is —40 times that of the native protein with a blue shift of 12 nm from 501 to 489 nm 
(NaceI11 ct al. 2005; Duy & Fitter 2006). This increase in fluorescence intensity may 
be attributed to gradually more access of ANS to the hydrophobic patches present on 
protein upon incubation with ACN. As hydrophobic cluster that are loosely pack 
resulting in large Surface area and high ANS binding are the characteristic of MG 
state, hence this state is characterized as MG. On increasing concentration of ACN 
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Fig. 54 (a): Intrinsic fluorescence. Trp fluorescence emission spectra of native blgG 
in 20 mM sodium phosphate buffer, pH 7.2 (curve 1); curves 2-9 represent blgG in 
presence of 10%-80% ACN. Protein concentration was 1.25 µM and the path length 
was 1 cm. The fluorescence intensity measurement was carried out at an excitation 
wavelength of 280 nm. 
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Fig. 54 (b): Intrinsic fluorescence. Trp fluorescence emission spectra of native hfgG 
in 20 m`1 sodium phosphate buffer. pH 7.2 (curve 1): curve 2-9 represents hlgG at 
l0%-80% ACN. Protein concentration was 1.33 iM and the path length was 1 cm. 
The fluorescence intensity measurement was carried out at an excitation wavelength 
of 280 nm. 
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Fig. 54 (c): Intrinsic fluorescence. Relative intrinsic fluorescence intensity of h1gG 
(•) and hIgG (.)as a function of increasing concentration of ACN. Error bars indicate 
the mean ± SD (n=3). 
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Fig. 55 (a): ANS fluorescence spectra. Native bIgG (curve I): bIgG in the presence 
of 10° o-y0° A('\ (curve 2-9). The protein concentration was 1 ?5 .tM and the path 
length was 1 cm. The fluorescence of ANS was monitored at an excitation wavelength 
of 380 nm. 
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beyond 60%, there is decrease in ANS binding onto the protein molecule due to 
which there is lowering in fluorescence intensity of the protein in presence of 70% 
and 80% ACN concentration (curve 8 and 9). This decrease in ANS fluorescence 
intensity may be due to the burial of hydrophobic clusters because of aggregation of 
protein molecules. But still, there is blue shift of 6 urn in 70% and 5 nm in 80% ACN 
compared to native. ANS fluorescence in hlgG induced by varying concentration of 
ACN (0%-80%) is depicted in Fig. 55 (b). Maximum ANS fluorescence intensity in 
hIgG was at 50% ACN concentration (curve 1-6). This increase is -4 times of the 
native because almost all of the hydrophobic patches that are present inside the 
protein are exposed on addition of 50% ACN. This increase in intensity is 
accompanied with a 34 tun blue shift. On further addition of ACN concentration 
(curve 7-9) there is decrease in ANS fluorescence reaching minima at 80% ACN with 
a blue shift of 27 nm i.e. X,,,,X at 490 nm as compared to the X,,,,,r of native at 517 urn. 
At this point, we can conclude that initially slight unfolding of protein takes place that 
leads to the occurrence of a MG state, due to which more and more hydrophobic 
clusters become available to ANS for binding up to 50% ACN. Beyond this 
concentration exposed hydrophobic residues starts accumulating in between protein 
molecules leading to the formation of aggregates. As a result of this, hydrophobic 
clusters get buried owing to the hydrophobic interaction between protein molecules 
which outcome in less approach of ANS molecules to the hydrophobic patches. A 
relative ANS intensity curve of hlgG and bIgG is shown in Fig. 55 (c). hlgG shows its 
maximum ANS fluorescence at 50% ACN whereas blgG at 60% ACN. Higher hIgG 
intensity in comparison to bIgG is due to more exposure of hydrophobic clusters in 
former case compared to the later one, as a result of which more ANS can bind to the 
protein and can show enhanced florescence. 
5.3.3. ATR-FTIR spectroscopy 
ATR-FTIR spectroscopy has been shown to he a sensitive indicator of protein 
secondary structure (Krimm & Bandekar 1986). Recent technical advances in FTIR 
allow IR spectroscopy of proteins in aqueous solution (Alvarez et al. 1987) and 
therefore permit direct comparison with the results of CD studies. Fig. 56 (a) depicts 
wave number analyses of blgG between 1,550 and 1,750 cm- ' revealing a peak 
corresponding to the region of amide band protein (NH-CO). The conformational 
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Fig. 55 (b): ANS fluorescence spectra. Native hIgG (curve 1); hIgG in the presence 
of 10% - 80% ACN (curve 2-9). The protein concentration was 1.33 µM and the path 
length was I cm. The tluorescence of ANS was monitored at an excitation wavelength 
oI 380 I1I11. 
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Fig. 55 (c): ANS fluorescence. Relative ANS fluorescence intensity of higG (•) and 
bIgG (•) as a function of increasing concentration of ACN. Error bars indicate the 
mean ± SD (n=3) 
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Fig. 56 (a): ATR-FTIR spectra of bIgG in the amide I region. Curve 1 shows 
spectra of native IgG, curve 2 shows the spectra of MG state at 60% ACN and curve 3 
depicts spectra of aggregated IgG at 80% ACN. 
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changes in bigG by adding different concentration of ACN (0%-80%) was monitored 
in the amide I baud region of FTIR spectra. Native blgG here shows a slightly broad 
peak in the range of 1630 to 1642 cni ' (curve 1) indicating the presence of large 
contribution of R-sheet structure with small amount of a-helix. This result is 
concomitant with the results obtained with X-ray crystals and CD data (Amzel & 
Poljak 1979; Gorga et at 1989). When the protein was incubated with 60% ACN 
(curve 2), peak was obtained at around 1633 ern 1 matching to the range in which [3-
sheet structure is observed and loss of a- helix occurs. This indicates that this state 
corresponds to the ~3-sheet organization similar to the one present in native state. 
Thus, this state can be further established as MG state. Moreover, at 80% ACN 
concentration we obtained a peak around 1624 cm"' (curve 3) which suggests that this 
is aggregated state. These aggregated species as usual have a large amount of (3-sheet 
structure. This type of FTIR spectra was observed in AFs confirming the presence of 
aggregates (Chiti et al. 1999). Comparable results were obtained in hlgG when it was 
monitored in the amide I band region alter incubating with different concentration of 
ACN (0% to S0%). Result obtained has been shown in Fig. 56 (b), where native state 
shows its peak around 1638 cm' (curve 1) indicating the presence of Gi-sheet structure 
while the 50% ACN induced state (curve 2) shows its maximum at around 1632 cm"1 . 
This state also shows the presence of (l-sheet structure and thus can he regarded as 
MG. Finally, in presence of 80% ACN; the peak was found around 1620 cm' (curve 
3) showing cross-linked a-sheet structure similar to those found in aggregates 
(Zandomeneghi et al, 2004). 
5.3.4. CD spectroscopy 
In the far-UV spectral region the chromophore is peptide bond which gives 
signal when it is located in a regular or folded environment. Fig. 57 (a) shows far-UV 
CD spectra of bigG in its native. MG and aggregated states with the minima in the 
range between 215 nm to 220 am. Curve 1 represents native state with minima in the 
range 217-219 nm that corresponds to the p-sheet like conformation of protein which 
has been previously detected in various proteins including concanavalin A (Zand et 
al. 1971; Khan et at 2005). As is evident from the curve 2, the minima peak is at 218 
nm which is the indicator of p-sheet like structure and the curve is very similar to that 
of native state with --1.5 times decrease in MRE value, 
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Fig. 56 (b): ATR-FTIR spectra of hIgG in the amide I region. Curve I shows 
spectra of native IgG, curve 2 shows the spectra of MG state at 50% ACN and curve 3 
depicts spectra of aggregated 1gG at 80% ACN. 
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Fig. 57 (a): CD spectroscopy. Far-UV CD spectra of bIgG in the presence of ACN in 
20 mM sodium phosphate bufter. pH 7.2. Curve I shows native bIgG whereas curve 2 
and 3 corresponds to the MG state at 60% ACN and aggregated state at 80% ACN in 
bIgG, respectively. 
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Thus from this analysis we can further confirm that at 60% ACN concentration, MG 
state is observed. In contrast with further decrease in MRE value. —2.7 times relative 
to native protein, we come across the peak for curve 3 at 217 nm signifying that state 
at 80°'0 ACN is also having secondary structure similar to R-sheet. Nevertheless, on 
going from native — MG — aggregated state, we come across a declining pattern in 
MRE. value which shows that there is a boost in (3-content from native to aggregated 
state with the maximum in aggregated state. Subsequently, this study further confirms 
that state obtained in curve 3 is an aggregated state. Similar result was obtained in 
hlgG and is shown in Fig. 57 (h). Here curve 1 for native state is having minima peak 
at 217 nm whereas curve 2 of 50% ACN is having its minima, too, at 2 17 nm. 
Furthermore, both these states were having MRE value very similar to each other 
signifying that both these states are similar to each other. Hence, curve 2 is more 
continued as MG state. Besides this, it was also analyzed that curve 3 representing 
80°/ ACN. is having its minima peak at 218 nm corresponding to that of (3-sheet 
secondary structure with MRE value which is —3times less than that of native protein 
which confirms that this state is having much higher (3-sheet content in comparison to 
native state (Perutr et al. 2002). As a final point, this state is established as aggregated 
state having excess of (3-sheet structure compared to that of native state. 
5.3.5. ThT fluorescence 
The l-sheet structure and high hydrophobic clusters of hlgG and hIgG were 
further analyzed for aggregation by the help of extrinsic fluorescence of the 
benzothlwole dye, ThT. When ThT was added to aliquots containing (3-sheet rich 
deposits, such as the cross 13-sheet quaternary structure of AFs it fluoresces strongly 
with excitation and emission maxima at approximately 440 and 490 nm respectively 
(Nilsson 2004 Nacem ct al. 2004). When spectra was recorded for 24 h incubated 
aliquots. there is a prominent fluorescence intensity peak in the sample incubated with 
80% .\CN. in both the cases, indicating that aggregate formation has taken place in 
this aliquot. ThT fluorescence spectra of hIgG at 24 h are shown in Fig. 58 (a) and for 
hlgG it is shmvii in Fig. 58 (h). Protein in absence of ACN or in low concentration of 
ACN showed little fluorescence compared to native but protein sample of bIgG in 
presence of 70% and (S0% ACN (curve 8-9). Fig. 58 (a)) and hlgG in presence of 60%, 
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Fig. 57(b): CD spectroscopy. Far-UV CD spectra of hIgG in the presence of ACN in 
20 mM sodtu n phosphate butler, pH 7.1 Curve I is of native hIgG whereas curve 2 
and 3 corresponds to the MG state at 50% ACN and aggregated state at 80% ACN in 
hIgG, respectively. 
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Fig. 58 (a): ThT fluorescence. ThT spectra of increasing concentration of ACN on 
bIgG. Curve l shows native protein: curves 2-9 show effect of increasing 
concentration of ACN from 10% to K0%. ThT fluorescence was monitored at an 
excitation wavelength of 440 nm. 
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Fig. 58 (b): ThT analysis. ThT spectra of increasing concentration of ACN on hIgG. 
Curve 1 shows native protein; curve 2-9 shows effect of increasing concentration of 
ACN from 10%-80%. ThT fluorescence was monitored at an excitation wavelength of 
440 nm. 
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70% and 80 % ACN (curves 7-9. Fig. 5R (h)) showed enhanced fluorescence 
compared to native sample (curve 1, Fig. 58 (a) and 58 (b)). Both proteins at 80% 
ACN showed maximum intensity (Fig.46 (a) and 46 (b)). This can be interpreted as 
when aggregation takes place TILT comes in proximity of side chains of 13-sheet and it 
results in stearic interaction between them. These interactions could ensure that dye 
molecule remains in a flat conformation even when excited by the absorbance of a 
photon of light (Voropai et aL 2003). it is this enhancement caused by physical 
confinement of ThT that has allowed its use as a diagnostic dye for the determination 
of AFs (Naiki et al. 1989; Krebs et aL 2005). Thus, with increase in aggregation, 
when progressively (3-sheets are funned in the solution, large amount of ThT comes in 
contact with side chains. leading to enhanced fluorescence as shown in 70% and 80% 
ACN in bIgG and 60%, 70% and 80% ACN in hlgG. From the data we can see an 
increase in'1'hT fluorescence with increase in aggregation (Kudou et at 2004; Nacem 
ei at. 2001). Fig. 58 (c) shows relative fluorescence intensity of high and blgG in 
presence of ThT. intensity in bLgO is more as compared to hlgU at 80% ACN. This 
increase may be attributed to the prevention in aggregation caused by more 
advancement in the sequence of hlgG relative to blgG due to evolution. Thus there is 
less aggregation in h[gG in comparison with blgG. 
5.4. 	Discussion 
To be biologically active a protein should have particular three-dimensional 
conformation which is governed by the amino acid sequence of that protein and 
acquired by the process of protein folding. Aggregation of proteins into insoluble 
intracellular complexes and inclusion bodies is a common problem in bioengineering 
and is also intimately linked to the pathogenesis of most ncurodegenerative diseases 
in humans. 
A systemic study for the effect of ACN on hlgG and bIgG is carried out using 
steady state Trp fluorescence, CD, FTMR, ANS fluorescence and ThT assay. Our work 
pointed out the presence of partially folded intermediate state having native-like 
secondary structure but no prominent tertiary structure. Thus this state fits well into 
the criteria of MG state. This MG state tends to aggregate with further increase in 
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Fig. 58 (c): ThT analysis. Relative ThT intensity of hIgG (a) and blgG (.) as a 
function of increasing concentration of ACN. Error bars indicate the mean f SD (n = 
3). 
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ACN concentration. This suggests the presence of different states in lgG depending 
upon different environmental conditions. 
Our far-UV CD studies show that addition of 60% ACN to blgG and 50% ACN 
to hIgG result in prominent peaks at 218 mu and 217 nm respectively after 4 h 
incubation. The peak in the range 216-218 urn in tar-UV CD spectra is for 13-sheet 
conformation. Band appearance at 1633 cm- ' in bIgG with 60% ACN and the 
appearance of band at 1632 cm 1 in hlgG with 50'% ACN after an incubation of 4 h 
further confirm the presence of (I-sheet structure in these 'CMG states as is clearly 
visible in FTIR analysis. High Trp and ANS fluorescence in these MG states show 
exposure of Trp residues and hydrophobic clusters respectively to the surrounding 
microenvironment. Failure in ANS biding with altered Trp microenvironment, in 
highest concentration of solvent i.e. 80% o AC'N after 4 h incubation, in both hIgG and 
bl'G is due to the burial of hydrophobic clusters and Trp residues upon aggregation 
of protein. Further. ThT analysis in 24 h incubated aliquots with 80% ACN in hlgG 
and bIgG confirm the presence of aggregates in these aliquots. Minima peak at 217 
and 218 nm in Far-UV CD and hand appearance at 1624 cm I and 1620 cm- ' in FTIR 
analysis for bIgG and hlgG respectively also confirms the presence of 13-sheet 
conformation in these aggregated species. Thus from our studies we can conclude that 
ACN induces an aggregation prone partially folded state. Characterization of these 
partially folded states has got importance in protein folding and aggregation studies. 
5.5. 	Conclusions 
Our studies conclude that changes in the microenvironment leads to unfolding of 
IgG. This is a complex process in which fully unfolded state is achieved via two or 
more intermediate states. It can cause the protein to adapt a partially folded state and 
an aggregated state before it gets fully denatured. When there are minor changes in 
the microenvironment of the protein, unfolding of protein takes place but major 
changes in the microenvironment lead to the formation of aggregates by accumulation 
ot protein molecules. During the whole process of aggregation, hydrophobic 
microenvironment plays a major role. 
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The results indicate that formation of aggregates occur when the native fold of 
protein is destabitizcd under conditions in which non covalent interactions, and in 
particular hydrogen bonding, within the polypeptide remain favorable. We suggest 
that under appropriate conditions, it is the intrinsic property of natural polypeptide 
chain to form protein aggregates. Thus we conclude that IgG, under appropriate 
concentration of ACN can form aggregate. 
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Summary 
Folding and unfolding are crucial ways of modulating biological activity and 
targeting proteins to different cellular locations. In the living system, protein folding 
occurs in a very crowded environment, often assisted with helper proteins. In some 
cases this pathway can go off beam and the protein can either misfold or aggregate or 
form structures of elongated-unbranched morphology known as amyloid fibrils (AF). 
Protein folding is not just an academic matter. Recombinant biotechnology and 
pharmaceutical industries are some of the fields where both theoretical and practical 
knowledge of protein folding is required. Misfolded protein and AFs that escape the 
cellular quality control check are the basic reason of a number of increasingly 
widespread neurodegenerative diseases such as Alzheimer's and variant Creutzfeldt-
Jakob etc. Thus, protein folding study also emerges as an interesting area in the field 
of biomedical research. This thesis deals with basic concepts related to protein folding 
and misfolding resulting in formation of toxic aggregates and AFs as well as disease 
associated with them. Also, different studies have been performed for substantial 
alterations in various proteins to give an insight to a more practical approach for the 
early diagnosis of aggregation-prone diseases, amyloid states and their balanced 
therapeutics. 
In the present work, we have investigated the effect of organic solvents in 
inducing consequential alteration in some monomeric and multimeric proteins that are 
either related to home moiety or completely non-related. Cytochrome c (cyt c) was 
taken as monomeric home-protein whereas Human serum albumin (HSA) and 
Ovalbumin (OVA) were taken as non-heme proteins. On the contrary, among 
multimeric proteins, Human transferrin (hTF) and lmmunoglobulin G (IgG) are taken 
as heme-related and non-heme proteins respectively. The main organic solvents that 
were used for the analysis are trifluoroethanol ('['FE) and acetonitrile (ACN). TFE is 
used for contonnational alterations in monomeric and multimeric heme related 
proteins whereas ACN is used to induce structural alterations in non-herne proteins of 
monomeric as well as multimeric nature. Besides these, because of anti-oxidant 
properties of poly phenols, effect of ferulic acid (FA), gallic acid (GA) and 
polyethylene glycol-40O (PEG-400) were also examined on cyt c. However, because 
of the lesser significance of the results obtained on cyt c, these studies was not carried 
out on hTF. 
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Aggregation of protein into insoluble intracellular complexes and inclusion 
bodies underlies the pathogenesis of human neurodegenerative diseases. Importance 
of cyt c arises from its involvement in apoptosis, sequence homology and for studying 
molecular evolution. A systemic investigation of PEG-400 and TFE on the 
conformational stability of cyt c as a model heme-protein was made using multi-
methodological approach. Cyt c exists as MG state at 60% (v/v) PEG-400 and 40% 
(v/v) TFE separately, as confirmed by far-UV CD, ATR-FTIR spectroscopy, Trp 
environment, ANS binding and blue shift in the soret band. Q-hand splitting in MG 
states specifies conformational changes in the hydrophobic heme-binding pocket. 
Aggregates were detected at 90% (v/v) PEG-400 and 50% (v/v) TFE and were 
confirmed by increase in 'l'hT and ANS fluorescence and shift in CR absorbance. 
Detection of prefibrils and protofibrils (PF) at 90% (v/v) PEG-400 and 50% (v/v) TFE 
was possible after 72 h incubation. SCGE of prefibrils and PF showed DNA damage 
confirming their toxicity and potential health hazards. SEM and XRD analysis 
continued prefibrillar oligorners and PFs of cyt c. 
Addition of 45 mM GA to cyt c induces a partially unfolded intermediate (PUI) 
state possessing disrupted secondary structure as evident from far-UV CD and FTIR 
spectra. Adding either 50 mM GA or FA results in cyt c aggregation as confirmed by 
shift in CR, increase ThT, and decrease in ANS and 'I'rp fluorescence. SEM 
confirmed fibrillar and amorphous morphology of FA and GA induced aggregates 
respectively. SCGE establishes very less probability of this noble protein to cause 
misfolding and aggregation after loss of native structure. The whole transformation 
process of cyt c to its PUI or aggregated state shows the process to be two step three 
state process in the presence of GA whereas this transformation involves one step 
two state in the presence of FA. Fluorometric as well as absorbance results showed 
more activeness of GA towards causing structural alteration in cyt c compared to FA. 
As PUI chain of cyt c interact among themselves via electrostatic or hydrophobic 
interactions, it results in the formation of aggregates with no secondary structure. As 
cyt c is a ubiquitous protein selected by molecular evolution to play an important role 
in apoptosis, our findings have suggested that high concentration of phenolic acids 
like GA and FA is capable of structural loss of cyt c and resulting in aggregation. But 
SCGE results have shown that even after structural loss of' cyt c and formation of 
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aggregates it can bind to APAF- I receptor and initiate caspase pathway and finally 
cellular collapse. I Iowever, if this activity is lacking, cancer may induce. 
Misfolding and aggregation of proteins is involved in some of the most 
prevalent neurodegenerative disorders. The importance of HSA sterns from the fact 
that it is involved in bio-regulatory and transport phenomena. Here the effect of ACN 
on the conformational stability of IISA and OVA has been evaluated in the presence 
and absence of NaCl. The results show the presence of significant amount of 
secondary structure in HSA at 70% (vlv) ACN and in OVA at 50% (vlv), as evident 
from far-UV circular dichroism (CD) and attenuated total reflection Fourier transform 
infra red (ATR-FTIR) spectroscopy. 'l'ryptophan (Trp) and 8-anilino-l-napthalene 
sulfonic acid (ANS) fluorescence indicate altered tryptophan environment and high 
ANS binding suggesting a compact molten globule (MG)-like conformation with 
enhanced exposure of hydrophobic surface area. However, in presence of NaCI no 
intermediate state was observed. Detection of aggregates in HSA and OVA was 
possible at 90% (v/v) ACN. Aggregates possess extensive -sheet structure as 
revealed by far-UV C'D and ATR-FTIR spectroscopy. These aggregates exhibit 
increase thioflavin T (ThT) fluorescence with a red shift of congo red (CR) absorption 
spectrum. X-ray diffraction (XRD) and scanning electron microscopic (SEM) analysis 
confirmed the presence of fibrillar aggregates. Single cell gel electrophoresis (SCGE) 
assay of these fibrillar aggregates showed the DNA damage resulting in cell necrosis 
confirming their genotoxic nature. Some proteins not related to any human disease 
form fibrils in vitro. In the present study ACN gives access to a model system to study 
the process of aggregation. 
Protein misfolding and aggregation is a very common phenomenon both in in vivo 
and in vitro protein refolding and the corresponding biotechnological applications. 
Our work will facilitate a further understanding of the genotoxicity of aggregated 
protein and conformational changes in the presence of organic solvent and can prove 
to be very useful in investigating the molecular basis of diseases due to the formation 
of aggregates and therapeutical approaches to revert the formation of aggregates. 
We have been able to transform cx.1 protein, hTF, from its soluble native to PF 
and AF of the type observed in pathological disorder at 20% (v v) '['FE in a sequential 
order alter prolonged incubation. Docking study revealed the site of interaction is the 
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hydrophobic core of the heine carrier protein. Existence of dry molten globule-like 
state at 5% (v/v) TFE was depicted by native-like Trp and less ANS fluorescence. At 
I5% (v/v) TFE, decrease Trp and increase ANS fluorescence was observed, 
indicating exposure to water molecule. This state can be characterized as wet MG-like 
state. Both these states retain native-like secondary structure as revealed by C'D and 
ATR-FTIR. Further, aggregation of protein takes place at 20% (v/v) TFE and onwards 
for 4 h incubation. Increasing incubation time for 24 and 48 11 resulted in the 
formation of PF and AF respectively. PFs and AFs were found to possess cross ji-
sheet structure, lack of tertiary contacts as revealed by CD and A'I'R-FTIR, enhanced 
ThT fluorescence and shift in CR. SEM revealed small fibril-like nature of PF as 
compared to long and sti ftcr morphology of AF. PFs were found to be gcnotoxic 
whereas AFs were non-toxic in nature. 
The necessity of understanding the specific kinetic and thermodynamic factors 
that cause imbalance to the equilibria between various possible states that are 
accessible to a given amylogenic protein is the basic factor that underlies 
understanding the source of a particular amyloidosis. The ability to design conditions 
under which fibrillation can be observed with a wider range of proteins than those so 
far identified in specific diseases gives us the opportunity to investigate in detail the 
mechanism of the underlying process and hence to explore the factors that predispose 
individual sequences to form ordered aggregates under particular conditions. "I'his 
could be an important factor in the development of strategies to combat the formation 
of arnyloid deposition in those diseases with which they are associated. Form this 
study it can be concluded that AF formation is not a single step process, rather it 
involves formation of various intermediates (dry MG, wet MG and PFs). Initial during 
early stages of unfolding dry MG state is formed having dry interior later as soon as 
water molecule approaches this, it converts to wet molten globule and then ultimately 
aggregation takes place. Need of in vitro AF characterization arises from the fact that 
AF or the formation of AF is the causative factor in commencement of disease and/or 
progression. This theory has been supported by the toxic nature of AF intermediate to 
lymphocyte DNA. This study however can provide greater insight into the normal 
protein folding and evolution. Beside relationship of AF to human diseases, highly 
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ordered arrangement of AF has ignited the use of AF for nano-technology and other 
application in material sciences. 
A sequential addition of ACN to human and bovine immunoglobulin G induces 
MG-like state at 60°,,o (vv) and 50% (vv) respectively having secondary structure 
similar to native protein as evident from far-UV CD and FTIR spectroscopy. Further 
addition of ACN up to 80% (v/v) forms aggregate of IgG as confirmed by increase in 
ThT, decrease in ANS and Trp fluorescence. Thus at high ACN concentration. a 
relatively large amount of partially unfolded intermediates of lgG are present which 
results in aggregate formation. 
The results indicate that formation of aggregates occur when the native fold of 
protein is destabilized under conditions in which non covalent interactions, and in 
particular hydrogen bonding. within the polypeptide remain favorable. We suggest 
that under appropriate conditions, it is the intrinsic property of natural polypeptide 
chain to form protein aggregates. Thus we conclude that IgG, under appropriate 
concentration of ACN can torn aggregates. 
In summary. this thesis will be helpful in understanding nlistolding and 
aggregation of proteins so as to find out effective strategies fir combating 
increasingly common and highly debilitating protein mistolding diseases. An 
understanding of protein folding is important for the analysis of many events involved 
in cellular regulation. designing of proteins with novel functions, utilization of 
sequence information from various genome projects and the development of novel 
therapeutic strategies for treating or preventing debilitating human diseases that are 
associated with the failure of proteins to fold correctly. Now, the field of protein 
folding studies does not only have theoretical significance, diseases like Alzheimer's 
or Parkinson's have made us realize that protein mistolding and aggregation can cause 
a lot of trouble in the body. To efficiently shield us from these folding diseases, we 
must be capable to completely understand folding phenomenon of the protein that is 
not just descriptive but allows us to alter the folding process in the way we want for 
our need. Yet, important questions remain to be addressed and include the nature of 
the assembly of' states in aqueous solvent, the dynamic emotions within the monomers, 
the rate of formation of oligomers occurring prior to the polymerization step. the 
nature of oligomers and whether such oligomers are on or off the polymerization 
pathway, the rate of formation of structured monomers either heib>re or after 
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oligomers formation, and the appropriate measurement of the polymer. This study 
gives an insight into the protein aggregation in vitro that presents several challenges 
for the existence of cell as it is known that protein aggregates in vitro can destabilize 
artificial pbQspholipid hilayers, leading to permabilization of the membrane. 
Aggregates can also simply go and clog the routes of flow of nutrient which can 
ultimately result in cell starvation and finally, cell death. This study can also be 
helpful in analyzing the structural determinants of aggregates and the toxicity they 
induce. The fundamental principles of protein folding have practical applications in 
the exploitation of advances in genomic research. 
Following this discussion of some of the more recent discoveries and models 
proposed for the mechanisms of protein folding, it is evident that despite the 
significant progress made, there is a need for continued research into the ambiguities 
of the process and pathways of protein folding. 
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Arn<Ie history: Folding and un`old nL ..m crucial ways of modulating biological activity and targeting proteins to dif- 
Received 18 March 2013 ferent cellular locations. In the living system, protein folding occurs in a very crowded environment. 
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Accepted 20 August 2013 either misfold or aggregate or form structures of elongated-unbranched morphology known as amyloid 
fibrils. Protein folding is not just an academic matter. Recombinant biotechnology and pharmaceuti- 
Keywords: cal industries are some of the fields where both theoretical and practical knowledge of protein folding 
Aggregation is required. Misfolded protein and amyloid fibrils that escape the cellular quality control check are the Amyloid 
Hydrophobic interactions basic reason of a number of increasingly widespread neurodegenerative diseases such as Alzheimer's and 
Intermediate states variant Creutzfeldt-Jakob erc. Thus, protein folding study also emerges as an interesting area in the field 
Misfolding of biomedical research. This review deals with basic concepts related to protein folding and misfolding 
Protein folding forming toxic aggregates and amyloid fibrils as well as disease associated with them. A more practical 
approach will be revealed to the early diagnosis of aggregation-prone diseases and amyloid states and 
their balanced therapeutics. 
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ABSTRACT 
Cytochrome c (cyt c) exists as a partially unfolded intermediate at 45 mM gallic acid (GA) possessing dis-
rupted secondary structure, altered Trp environment and high ANS binding. Increasing the concentration 
of either GA or ferulic acid (FA) up to 50 mM results in cyt c aggregation as confirmed by shift in Congo 
red, increase thioflavin T. decrease ANS and Trp fluorescence. SEM confirmed the formation of fibrils and 
amorphous aggregates of cyt c in presence of 50 mM FA and GA respectively. Single cell gel electrophoresis 
establishes very less probability of this noble protein to cause misfolding and aggregation-prone diseases. 
2013 Elsevier B.V. All rights reserved. 
1. Introduction 
Molecular recognition and binding associated with protein is 
the fundamental principle of all biological processes and the pro-
tein must be in its native 3D conformation for its proper biological 
function. Revealing the mechanisms of protein folding is most 
important for describing life at molecular level [ t (. The effective-
ness of protein folding gives an impression that folding process 
proceeds through some intermediate states, raising the likelihood 
of incompletely folded states of proteins. Further, destabilization of 
protein leads to the formation of aggregates in competition with the 
normal protein folding pathway. Protein aggregation is well estab-
lished as one of the major difficulties associated with its production 
and handling in the biotechnology and pharmaceutical industries. 
The pathogenesis of several neurodegenerative diseases is associ-
ated with protein misfolding. aggregation and deposition, which 
may be manifested in cell degeneration and loss of function of 
the affected cells or organs. These degenerative disorders include 
polyglutamine (polyQ) tract diseases, Alzheimer's and Parkinson's 
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dichroism: cyt c, cytochrome c: (R congo red: FA. ferulic acid; FTIR. Fourier trans-
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electron microscopy: SCC.F. single cell gel electrophoresis: ThT. thiotlavin T. 
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disease, amyotrophic lateral sclerosis. etc. [2,3[. Chiti et al. have 
reported that a number of proteins not related to any disease forms 
amyloid, in vitro under mild denaturing conditions, confirming 
the inherent ability of the polypeptide to form amyloid fibrils 141. 
Aggregates are produced when partially folded or unfolded inter-
mediates interact mainly through contact of their hydrophobic 
surfaces, turning into large, stable complexes (5(. 
A solvent perturbation study is a good approach to evaluate 
the stabilizing force and different conformation of a protein struc-
ture. In this paper effect of phenolic acids on the conformation of 
cytochrome c (cyt c) has been investigated by varying their concen-
tration. Phenolic acids that have been considered in this study are 
gallic acid GA) and ferulic acid (FA). GA (3.4. 5-trihydroxybenzoic 
acid) and its derivatives are particularly abundant in processed 
beverages such as red wine and green tea. It has a wide range 
of biological activities, including anti-oxidant, anti-inflammatory, 
antimicrobial, and anti-cancer activities (6,71. Besides this, GA has 
several harmful implications also. It triggers contractile response 
and inhibits vasorelaxation induced by acetylcholine, sodium nitro-
prusside or prostacylin (8[. FA (4-hydroxy-3-methoxycinnamic 
acid) is a ubiquitous phenolic acid in the plant kingdom. FA has a 
protective effect in hepato-toxicity induced by drugs and is used 
as an anti-inflammatory drug in Japanese oriental medicine (9[. 
FA is also reported to terminate free radical chain reactions and 
reduce the risk of coronary artery diseases (10( along with many 
physiological functions, including antioxidant, antimicrobial, anti-
inflammatory, anti-thrombosis and anti-cancer activities. It also 
protects against coronary disease, lowers cholesterol and increases 
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Abstract 
The misfolding and aggregation of proteins is involved in some of the most prevalent neurodegenerative disorders. The 
importance of human serum albumin (HSA) stems from the fact that it is involved in bio-regulatory and transport 
phenomena. Here the effect of acetonitrile (ACN) on the conformational stability of HSA and by comparison, ovalbumin 
(OVA) has been evaluated in the presence and absence of NaCI. The results show the presence of significant amount of 
secondary structure in HSA at 70% ACN and in OVA at 50% ACN, as evident from far-UV Circular Dichroism (CD) and 
Attenuated Total Reflection Fourier transformed infra red spectroscopy (ATR-FTIR). Tryptophan and 8-Anilino-l-
Naphthalene-Sulphonic acid (ANS) fluorescence indicate altered tryptophan environment and high ANS binding suggesting 
a compact "molten globule"-like conformation with enhanced exposure of hydrophobic surface area. However, in presence 
of NaCl no intermediate state was observed. Detection of aggregates in HSA and OVA was possible at 90% ACN. Aggregates 
possess extensive n-sheet structure as revealed by far-UV CD and ATR-FTIR. These aggregates exhibit increase Thioflavin T 
(Th T) fluorescence with a red shift of Congo red (CR) absorption spectrum. X-ray diffraction (XRD) and Scanning Electron 
Microscopy (SEM) analysis confirmed the presence of fibrillar aggregates. Single cell gel electrophoresis (SCGE) assay of 
these fibrillar aggregates showed the DNA damage resulting in cell necrosis confirming their genotoxic nature. Some 
proteins not related to any human disease form fibrils in vitro. In the present study ACN gives access to a model system to 
study the process of aggregation. 
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Introduction 
'I Ill 	I,t~r,' " Ii\ 	%III- it .1 11111•.11 	.11)111 10 r i l sJuJ1h ,r rid , 111111% 
tilt,, ,c iii>rrrtr• anci IintrtirrrtaI ilrrrr-climru.um.cl Jmir'iu is tilt. mn.t 
funtl:unc•ntal and universal example of biological self assrmhly. 
.\lthrnlgh the code that governs folding rrynains a mystery, the 
pi iinary Se•sdcIIce is subject to evolution.u'v pressure fur tdji,tiltjz 
the Hireling rate and product stability according to physiological 
nerd,. 'I-hr failthe of a protein to fold cntreelIv leads to a 
fims-tional deficit. 'the concept that amino acids sequences 
derrnnine protein conformation is now fulls' accepted [ 12[. 
The ability of the side chains to futnt the tight and specific 
interactions like that of a native protein i> ,tn important linal step 
in the prntein folding patitl+av ['3[. Nolispe(ilic interactions,umuilg 
tl,r '.Is' rh.rin, in' irt.cl,pruln'iatrl\ cxlwoscd hVchnl,hr,l>ic stufares of 
Inc uJjetrl", u,ltleil potv7ppBdIs result in iu.muation. molt 
lsitk'Is s'irwc(1 as protein aggregation. l bus. prcl(I(tium of 
tnislirlciccl or imatuie(d proteins a pouJJiuilh de•Ic•it'tiuus to cells 
ha•causr of their ability to ro-i1gKre•g;ste• with and i}ri'eh 11.17 
unrelated csnIul r pus tems that nlaN transizntlt rhspla\ curnplc-
ntcntary surfaces [E :i[ Abnonnal ini(r;tctiuI1s ha, been pro7ust'(I 
to uudcrlie the toxic its .0 oc1atcd kith protein .s , rcExtcs in italic 
nruruticKriscIcti\ e dboiders like Alzlt(it(Ieu. Parkinson . (i rutz-
Ih•Irlt-]akob I)ix'est•, etc [G]. 
Tltl .e.Kgi t'g,cti(In pirz ('s incur, in c ounks'utioui with ouin.J 
folding proS css 71..\ rims c I)l proteins out I(I:it(•tl in ,tin humia(I 
disease h.tic heir four l to (imu fibrils iu citrn uncle, rtikklv 
denaturing &uui1Jiti(IlIs l.huh .ue similar in charactcristir to those 
protcins that are clistascsauciated 18j. Sioall gluhula11 ploteirts 
that act in this oliuIrer sent as a inodrl systein fill- checking the 
Kennel characteristic, of iiuvloid and Iof wulcrs1andhnK the 
overall signiticFs'e of ;Iggr(gui1ion in cell biology (1i-10[. 'Isis 
observation has led to the suggestion that the ability to forth 
aeui•Ioid fibrils is a common pheis011:encn ;sIsl a generic 7rO1xtty 
of pol}peptidr chain... A cousidc•rahle number of proteins. 
d(Io(dmmK .cC'eril that adopt 'x-hdii'.tI stiiId(IrIs Joiner native 
con(hlNou.. Such a., nivogluhln and c\tuchrutur c-;; ,hate Ixrtl 
shown to filar all0oid librils in Nitro, provided appropriate 
<-onditions at-t selected [ I I- I2[. I he ability of rational design of 
crnuiitinn< Inntnnting .igGrc's;atimn has iny,lications for under-
standing the nri.gin of atnvloid fonnation in vivo frnln a v,icle 
ranzr of proteins. 'floe gives access to a large rtumher of tnndel 
sVstrtns with ssloch to stucil' the process of fibril f urination in tunic 
detail. This tudy capitalizes nn Ovalbrimiu O\'.\I and human 
serums albumin i1 1S.\ as models for protein . Agregatioll as 
evaluated by a iisirthri of conpleraertan• i rein nnurs. O\':\ is a 
globular protein composed of 38T, amino acids and is it member of 
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A B S T R A C T 
The aggregate formation of cellulase was detected at 300 and 10mM ascorbic and boric acid respectively. 
These aggregates showed reduced enzyme activity, loss in near-UV signal, decrease tryptophan and ANS 
fluorescence. They possess increase in non-native (3-sheet structure as evident from far-UV CD and FTIR 
spectra, large hydrodynamic radii, increase thiollavin T fluorescence and shift in Congo red. Cellulase at 
90 mM ascorbic acid exists as molten globule with retention of secondary structure, altered tryptophan 
environment, high ANS binding and loss in tertiary structure. Ascorbic acid acts as an antioxidant up to 
90 mM and beyond this as a pro-oxidant. 
® 2012 Elsevier B.V. All rights reserved. 
1. Introduction 
Protein aggregation is a common event during folding of many 
proteins and enzymes. It exists in competition with the normal 
folding pathway I1 [. It is likely that in many cases when aggre-
gation occurs from a solution of the native protein it is the partially 
folded intermediates in equilibrium with the native state that are 
the immediate precursors of the aggregates [2[. Aggregation is 
often irreversible, and aggregates commonly contain high levels 
of non-native, intermolecular {3-sheet structures [3J. The aggre-
gation of insoluble polypeptide chains has seriously confined the 
scale of protein marketed by the biotechnology industry. These 
protein aggregates lead to various neurodegenerative diseases in 
humans such as Alzheimer's diseases. Parkinson's disease, type 
II diabetes mellitus and spongiform encephalopathies has been 
linked to protein aggregates [4-6[. Identification of novel thera-
peutic ways to prevent or cure the diseases associated with protein 
aggregates deposition in tissues and resulting toxicity requires a 
rational understanding of the forces driving protein aggregation 
and transition of proteins into (3-sheet rich aggregates [71. 
Ascorbic acid or vitamin C (C6l l5Oc,) is distributed widely in both 
the plant and animal kingdoms. Vitamin C is also present in many 
other biological systems and multivitamin preparations, which 
are commonly used to supplement inadequate dietary intake. It 
Abbreviations: ANS.8-amlino-l-naphthalene-sulphomc ac:d: ATR-FTIR. attenu-
ated total reflection Fourier transform infrared spectroscopy: CD, circular dichroism: 
MRF, mean residual ellipticity: ThT, thioflavin T. 
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functions in collagen synthesis by changing the charge of iron so 
that it can be absorbed. It serves many functions ranging from 
antiseptic as well as antibacterial applications to insecticides. It is 
widely used as an antioxidant. The antioxidant property of ascorbic 
acid is often considered responsible for its protective effects against 
cardiovascular disease and certain types of cancers. Similar to these, 
ascorbic acid has also been shown to exhibit pro-oxidant proper-
ties that can alter protein functions. Relatively high concentrations 
of ascorbic acid are able to induce apoptosis in various tumour cell 
lines. Consequently, it has been shown to induce cell death, nuclear 
fragmentation and internucleosomal DNA cleavage in human myel-
ogenous leukaemia cell lines. Boric acid is mildly toxic to humans, 
with a median lethal dose at 2660mg/kg of body mass through 
internal ingestion or inhalation. While this median lethal dose in 
humans is just barely more toxic than table salt for one-time expo-
sure it does not rule out long term toxicological effects. Boric acid, 
applied foliarly on field-grown nodulated soybeans. caused up to a 
10-fold increase in allantoate concentration in treated leaf tissue. 
Cellulase efficiently and economically achieves the conversion 
of cellulose to 13  n-glucose. Glucose produced from cellulose sub-
strate can be directly used in animal and human foods. These 
glucose containing products can be further used as substrate for 
subsequent fermentation or other processes which can yield valu-
able end products such as methanol, ethanol, amino acids, organic 
acids, single cell protein and other bioreactors. Cellulase can also 
be used to increase digestibility of foods enriched in high fibre con-
tent and to enhance food flavour, texture and quantity. Aspergillus 
niger has three classes of enzymes endoglucanases (EC 3.2.1.4). 
cellobiohydrolases (EC 3.2.1.91) and [3-glucosidases (EC 3.2.1.21) 
[8J. Endoglucanase is the most important constituent produced by 
Aspergillus for cellulose hydrolysis. The purpose of this study is to 
Amino Acids 120121 43:1311-1322 
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Glycation promotes the formation of genotoxic aggregates 
in glucose oxidase 
Tayi :Ahmed Khan • Samreen .amani 
Aabgcena Nacem 
Received: 26 Jul) 201 I / Accepted: I I December 201l / Published online: 24 December 2011 
Springer-Verlag 2011 
Abstract This study investigates the effect of pentose 
sugars (ribose and arabinose) on the structural and chemical 
modifications in glucose oxidase (GOD) as well as geno-
toxic potential of this modified form. An intermediate state 
of GOD was observed on day 12 of incubation having CD 
minima peaks at 222 and 208 nm, characteristic of x-helix 
and a few tertiary contacts with altered tr-\ptophan envi-
ronment and high ANS binding. All these features indicate 
the existence of molten globule state of the GOD with ribose 
and arabinose on day 12. GOD on day 15 of incubation 
forms fS structures as revealed by CD and FFIR which may 
be due to its aggregation. Furthermore. GOD on day IS 
showed a remarkable increase in Thioflavin T fluorescence 
at 485 nm. Comet assay of lymphocytes and plasmid nick-
ing assay in presence of glycated GOD show DNA damage 
which confirmed the genotoxicity of advance glycated end 
products. Hence, our study suggests that glycated GOD 
results in the formation of aggregates and the advanced 
glycated end products, which are genotoxic in nature. 
Keywords AGEs • Aggregation • CD • Comet assay 
Fluorescence - Molten globule • Plasmid nicking assay 
Introduction 
Over the past few sears, there has been a growing interest 
on the effect of reducing sugars on protein structural 
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properties (Corzo-Martinez et al. 2010). The non-enzy-
matic interaction between reducing sugars with amino 
groups of the lysine residues in proteins is generally known 
as Maillard reaction and it is considered to be extremely 
important in food science (Myung-Chan et al. 2010). Pro-
tein crosslinking by glycation results in the formation of 
detergent insoluble and protease-resistant aggregates (Usha 
et al. 2010). The interaction comprises a complex network 
of reactions that results into the formation of both large 
protein aggregates and low-molecular-weight products that 
are believed to impart the various flavour, aroma and col-
our characteristics found in foods. Globule-like protein 
aggregations (pro-amyloid fibrils) have been documented 
to be toxic to neurons (Sanghera et al. '_(X)h). Aggregation 
and/or glycation may seriously affect protein structure, 
function and stability. 
The formation of molten globule-like state has been 
reported during progression of glycation reaction in vitro 
(Chen et al. 2010). The final step consists of crosslink 
formation between products in which heterogeneous 
structures called advanced glycation end products (AGES) 
(Brouwers et al. 201 1) are formed. Subsequent reactions 
(e.g., dehydration, oxidation, condensation) result in the 
irreversible formation of a heterogenous group of com-
pound (Schleicher et al. 20011. AGEs were found to induce 
DNA damage in pig kidney cells (Stopper et al. 2003). 
Also report on the non-enzymatic reaction of glucose in 
Alzheimer's disease, to form AGF.s on long-lived protein 
deposits, which induce oxidative stress and subsequently 
disturb glucose metabolism has been established (Munch 
et al. I99 ). Glycation alters the biological activity of 
proteins and their degradation processes. However, the 
characteristics and cytotoxicity of molten globule-like 
protein states induced by glvcation have not been clarified 
yet. Hence, we are the first one to report that glycation of 
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ABSTRACT 
A sequential addition of acetonitrile to human and bovine immuno¢lobulin G induces molten globule-
like state at 50% (v,v and 60% (v/v) respectively having secondary structure similar to native protein as 
evident from far-UV circular dichroism and Fourier transform infra red spectroscopy. further addition of 
acetonitnle up to a0$ forms aggregate of IgG as confirmed by increase in throf avin I. loss of signals in 
near-UV CUspectra. decrease in ANS and tryptophan fluorescence. Thus at high acetomtnle concentration. 
a relatively large amount of partially unfolded intermediatesot IgG are present which result in aggregates 
formation. 
0 2011 Elsevier B.V. All rights reserved. 
1. Introduction 
A protein can exist as Intermediate state between its unfolded 
and native state depending upon its environment, such as p11. 
temperature, different denaturants, etc. Under certain conditions. 
proteins can also exist as a collapsed state with partial ordered 
structure known as the "molten globule" 11,21. A'Molten Globule' 
(MG) has native-like secondary structure with radius only 10-20% 
larger than that of the native structure but there is absence of 
specific tertiary packing interactions of the side chains 131. Fur- 
ther destabilization of protein leads to aggregate formation in 
competition with the normal protein folding pathway. In phar- 
maceutical research, protein aggregation has become a topic of 
growing interest in recent years due to their ability to cause dis-
eases like Alzheimer's, Parkinson s. Huntington's, type 11 diabetes 
and many others. Protein aggregates can elicit immune response 
in body or sometimes they may affect vital body functions. These 
aggregates can be of different types depending on their solubil-
ity and the mode of interaction between them. They are of two 
types on the basis of solubility: soluble aggregates and insoluble 
aggregates. Further, they can be covalently linked like disulfide 
bond formation or may be linked via weaker interactions like those 
in reversible protein aggregates 14.51. Two more forms of protein 
aggregates can also occur. 'l he first one is particulate structure that 
has been found in a variety of structurally unrelated proteins (61. 
Corresponding author Tel. •91 095q7678765. 
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The other type of aggregate is known as spherulite 171 because they 
show a great similarity with the semi-crystalline structures seen in 
synthetic polymers under the polarizing microscope 141. It may be 
possible that more than one pathway occurs for the same product 
or a single protein may undergo aggregation by different mecha-
nisms(R). Aggregation may occurby reversible association of native 
protein monomers or by association of modified monomers. Still 
there are two more mechanisms that can be possible. These are 
nucleation-controlled mechanism and surface induced aggregation 
mechanism (8.91. 
There are various compounds that can denature proteins and 
forms aggregates in solution. Organic solvents alter the native ter-
tiary structure of proteins by disrupting hydrophobic interactions 
between the non-polar side chains of the amino acids. Relatively 
high concentrations of these solvents are required to unfold the 
ordered secondary structure of polypeptide chains 110-121. Higher 
concentration leads to the decrease in polarity of the surround-
mg metlium of protein and thus increases protein hydrophobicity 
of environment which ultimately disrupts its secondary structure 
113(. Acetonitrile' ACN), also known as cyanomethane, is an organic 
solvent that is toxic in nature and have ether like odour. it is mainly 
used in pharmaceutical industries for the assessment of potency 
and impurity levels of drugs. It is also used to extract tatty acids 
from animal and vegetable oils. It is a very common organic sol-
vent in protein purification by RP-IIPLC. Exposure usually occurs in 
the industries where ACN is produced or used. Though unlikely, the 
general population maybe exposed by breathing in the chemical, by 
drinking contaminated water from a facility using or storing ACN. 
by skin or eye contact with the vapor or liquid, or by eating food 
Int 1 Pcpt Res Ther (2011) 17:317-324 
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Abstract A well-organized protocol has been developed 
for high frequency root germination from the seed of 
Canavalia ensiformis on Murashige and Skoog (NIS) 
medium. Surprisingly, the seeds that were grown on the 
MS medium having no growth hormone showed the best 
response. Roots of 30 days old aseptic seedling were 
homogenized and a lectin from them as purified on 
Sephadex G-50 affinity column. The finding that final 
product is it pure lectin was confirmed by specific 
hemagglutinating property. The final root lectin yield was 
and eluted as a single peak. Root lectin specific 
activity was 50 times more than the seed lectin. Sugar 
specificity activity by hemagglutination-inhibition assay 
indicated that lectin belongs to glucose/niannose-specific 
group. Interestingly, the lectin was found to he 25 kDa, 
similar to molecular mass of Concanavalin A purified from 
seed of C. ensifornris. as revealed by SUS—PAGE. Thus, 
Concanavalin A from either source can he used for 
development of transgenic crops that are capable of 
expressing lectin gene and hence can efficiently perform 
biological nitrogen fixation by giving rise to nodules in 
their root. The advantage of this method is that purification 
of Concanavalin A in tissue culture conditions is easier. 
handy and is less time consuming. 
Keywords Affinity chromatography Canavalia 
e1rsi• f+rrtis - Hemagglutination - Lectin NIS medium 
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Introduction 
Lectins are proteins or glycoproteins of non-immune origin 
that agglutinate cells and precipitate complex carbohy-
drates or polysaccharides (Sharon and Lis 1995; Lasky 
1992; Sharon and Lis 20041. The ability of lcctin to react 
with specific cell surface carbohydrates led to speculation 
that they function as determinants of intercellular recog-
nition and have an important role in Rhizopiun—legume 
s)'mbiosis. Plant lectins have great potential as tools in the 
identification, purification, and stimulation of specific 
glycoconjugates (Lis and Sharon 1986: Sharon and Lis 
(959). They have also been widely used to distinguish 
between cell types. Furthermore, as a result of develop-
ments in structural biology, it appears that legume lectins 
consist of a conserved scaffold composed of a basic set of 
essential and conserved residues, among which occur a 
limited number of variable residues that direct the speci-
ficity of the lectin (Sharma and Surolia 1997). Lectins are 
most abundant in the seeds of various plants, especially 
those of the legumes. However, they are not only confined 
to seeds, but are often found in vegetative parts of the 
plants. The presence of lectins in various parts of the plants 
and their variation during plants growth and development 
is important and it may give clue to their biological func-
tion. The lectin purification that we have carried out in our 
study belongs to legutninasae family and is from aseptic 
root of Canavalia o'nuifisr,nis (C. ensifnrutis) seedling. This 
legume is rich in protein and other nutrients such as starch, 
dietary fifer, protective phyto-chemicals, oils, vitamins and 
mineral elements (Saikia et al. 1999. Eke et al. 2007). The 
mature jack bean seed has up to 30% crude protein and 
60S'r carbohydrate content (Udedihle 1990). Concanavalin 
A (Con A) from jack bean seed was the first lectin whose 
structure came to be known. This protein has a molecular 
Springer 
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ABSTRACT: In the present study, we have studied the effect of KBrO3 on human erythrocytes under in vitro 
conditions. Erythrocytes were isolated from the blood of healthy nonsmoking volunteers and incubated 
with different concentrations of KBrO3 at 37 C for 60 min. This resulted in marked hemolysis in a KBrO,-
concentration dependent manner. Lysates were prepared from KBrO3-treated and control erythrocytes and 
assayed for various parameters. KBrO3 treatment caused significant increase in protein oxidation, lipid per-
oxidation, hydrogen peroxide levels, and decrease in total sulfhydryl content, which indicates induction of 
oxidative stress in human erythrocytes. Methemoglobin levels and methemoglobin reductase activity were 
significantly increased while the total antioxidant power of lysates was greatly reduced upon KBrO3 treat-
ment. Intracellular production of reactive oxygen species increased in a dose dependent manner. Exposure 
of erythrocytes to KBrO-, also caused decrease in the activities of catalase, glutathione peroxidase, thiore-
doxin reductase, glucose 6-phosphate dehydrogenase and glutathione reductase whereas the activities of 
Cu-Zn superoxide dismutase and glutathione-S-transferase were increased. These results show that 
KBrO, nduces oxidative stress in human erythrocytes through the generation of reactive oxygen species 
and alters the cellular antioxidant defense system. , 2ul I Wiley Perixdicals. Inc. En'. iron 1'oxiceI (H1: (X-4N1. 201 I. 
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INTRODUCTION 
Potassium( bromate (KBrO ; ) is a widely used food additive 
that is added to flour as maturing agent in the bread-making 
process, to fish paste as conditioner and also to beer and 
cheese (EPA. 2001). It is a constituent of cold wave hair 
solutions, used in cleaning boilers and oxidation of sulfur 
and vat dyes. Bromate is generated as it disinfection by-
product during the 0ionation of bromide containing 
water and is. therefore, frequently detected in tap water 
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Weinberg ct al., 2003). The increasing use of ozonation 
(ter treatment of drinking water increases to the health risks 
associated with exposure of humans to bromate. Studies 
have sho%%n it correlation between urinary bladder and co-
lon cancer and the chronic consumption of surface water 
containing disinfection by-products (Bull, 1999). 
Several cases of acute bromate intoxication have been 
reported in humans, some of them following accidental or 
suicidal ingestion of permanent hair wave neutralizers 
which usually contain 2-1OYc bromate (Warshaw et al.. 
Ii)85 . Accidental poisoning in children due to ingestion of 
KBrO, solution and sugar contaminated with bromate 
caused an outbreak of mild poisoning (Paul. lyhb►. The 
most common signs of bromate ingestion are severe gastro-
intestinal irritation, depression of the central nervous sys-
tem, anemia, renal injury, and hearing loss (EPA. 2(X)I). 
No epidemiological studies on long term human exposure 
